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Abstract 
Increasing photosynthetic efficiency remains one of the few routes left for substantial 
increases in crop yields. Rubisco, the enzyme responsible for fixating carbon dioxide from the 
atmosphere, is one of the major bottlenecks of photosynthesis. Some organisms have evolved 
carbon concentrating mechanisms, utilising carbonic anhydrase, to increase photosynthetic 
efficiency, by increasing local CO2 concentrations around Rubisco. This project aims to 
chemically mimic the role of carbonic anhydrase, through the use of small metal-ligand 
complexes, and to test their ability to perturb Rubisco’s activity. In order to achieve this goal, 
Rubisco had to be first isolated, and a robust Rubisco assay developed, to screen the efficacy 
of the CA mimetics. 
A hydrophobic interaction chromatography protocol for the isolation of Rubisco was 
developed, which eliminated the requirement of salt removal before column 
chromatography, reducing the number of purification steps in comparison to existing 
methods. The rapid protocol was employed to obtain highly pure and highly active Rubisco 
from Spinacia oleracea and Brassica oleracea. Furthermore, the protocol revealed, for the 
first time, the presence of hydrophobically distinct populations of Rubisco. A fast and sensitive 
384-well plate Rubisco enzymatic assay was also developed, providing a robust platform to 
screen and test the efficacy of the carbonic anhydrase mimetics on Rubisco’s activity. 
A suite of existing and novel carbonic anhydrase mimetics were synthesised. A comparison of 
the pH-dependant CO2/HCO3- catalytic rates revealed a number of insights into the 
parameters that promote high interconversion rates of HCO3- to CO2: i) high electron-
donating ligands, and hydrophobic ligands for ‘substrate channelling’ increased HCO3- 
dehydration rates, ii) higher pKa values for Zn-OH2, favoured the interconversion of HCO3- to 
CO2, iii) Zn(II) was shown to have the highest catalytic rate for HCO3- dehydration, which was 
attributed to the weaker binding of HCO3- to Zn(II) than to Cu(II), Co(II) and Ni(II). Additionally, 
this thesis provides the first proof of concept data for the use of chemical tools that could 
help towards mitigating the loss of Rubisco’s inefficiencies. Zn(II) mimetics were shown to 
alter Rubisco’s activity, which was attributed to a change in local CO2 concentrations, 
following the addition of the mimetics.  
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1. Introduction  
1.1. Sustainable food and fuel  
Food security, as defined by the World Health Organisation is ‘when all people at all times 
have access to sufficient, safe, nutritious food to maintain a healthy and active life’ [1]. 
Although there is enough food produced globally to feed every mouth in the world, it was 
estimated that a total of 842 million people in 2011-2013, or around 1 in 8 people in the 
world, were suffering from chronic hunger [2]. The problem of food insecurity is largely due 
to the inadequate distribution of food worldwide, which is mainly linked with unstable 
markets, economic growth, food wastage, climate and weather, war and displacement, food 
availability, access, and food prices. Unfortunately it remains that in many developing 
countries, where food is needed the most, people do not have sufficient access to food 
because they simply cannot afford it [2]. With the population expected to rise to 9.3 billion by 
2050, an estimated 32% increase from today’s current population, and with the majority of 
the population rise belonging to developing countries, then chronic hunger is expected to 
further increase [3]. Global food security strategic plans focus on long term goals, that will 
see an increase in the availability of food in developing counties [4]. One of the main 
outcomes of this report was the need for an increase in food production. It has been reported 
that there will need to be a global increase of up to 50% in crop production by the year 2050 
in order to continue to feed the world’s growing population and to avoid further mass 
malnutrition [5]. 
The availability of agricultural land for crop production is decreasing due to soil degradation, 
urbanisation, climate change, and an increase in land needed for the growing demands of 
meat production. There is also an ever increasing demand for energy, which has led to a large 
drive to find sustainable energy resources, in a bid to reduce our carbon footprint, leading to 
an increase in the demand for biofuels [6]. As biofuels are made from plant biomass, then the 
increase in the demand for biofuels has led to a substantial decrease in the amount of land 
available for food production. In a report from the Food and Agriculture for the United 
Nations it was stated that “producing more food will largely depend on increasing crop yields, 
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not farming more land” [7]. It is clear that solutions to increasing the harvesting yield per crop 
are fundamental to securing sustainable food for the future, as we cannot simply grow more 
crops, since the land is simply not available.  
1.1.1. Increasing the harvesting yield potential for an increase in food and 
fuel production 
The harvesting yield potential (Y) of a grain crop is the ‘yield per unit ground area, that is 
obtained under optimum growing conditions without weeds, pests and diseases’ [8, 9]. 
Equation 1.1, which was first described by Monteith [10], outlines the five main parameters 
affecting the harvesting yield of crops. Y is affected by the available light energy (S), the 
efficiency of light capture (εi), the efficiency of conversion of the intercepted light into 
biomass (εc) and the proportion of biomass partitioned into grain per unit mass, which is 
known as the harvesting index (HI). It has been reported that all of the parameters, except 
the conversion efficiency (εc), have already either reached their maximum efficiencies or 
cannot be expected to change enough to help increase harvesting yields [8, 9]. εc is influenced 
by photosynthetic efficiency, and as such, it has been reported that increasing photosynthetic 
efficiency is one of the only theoretical major routes left for further substantial improvements 
in crop yield potential [9]. Although outside the scope of this thesis, more detailed 
explanations on all of the parameters represented in Equation 1.1 can be found in reviews by 
Long et al. [8, 9], Morgan et al. [11] and Dermody et al. [12]. 
 
Equation 1.1 Equation outlining the parameters affecting harvested yield (t ha-1). Adapted from Monteith et al. [10], Long 
et. al. [8] and Zhu et. al.[9].   
It is clear that in order to secure sustainable food and fuel for the future, we need to find 
solutions to increasing photosynthetic efficiencies of crops. An increase in photosynthetic 
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efficiency would not only help us to meet the rising demand for food, but it would also help 
us meet rising energy demands, in the form of increased biofuel production.  
1.2. Photosynthesis 
Photosynthesis is arguably the most important biological process on the planet. It is a process 
by which higher plants, green algae and photosynthetic bacteria utilise CO2 and water, to 
produce carbohydrates and oxygen, through the use of light energy absorbed from the sun. 
The carbohydrates produced are the main source of food and energy utilised by almost all 
food chains [13]. In higher plants, photosynthesis takes place in the leaves and green stems 
within organelles, called chloroplasts. Photosynthesis is described by two separate 
photosynthetic reactions. The first of these photosynthetic reactions are known as the ‘light 
reactions’, which include all photosynthetic processes that involve absorption of light, the 
separation of charge across the thylakoid membrane, and the production of energy in the 
form of adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate 
(NADPH), with the splitting of water as a by-product. The energy produced from the light 
reaction, in the form of ATP and NADPH, are utilised by the second set of photosynthetic 
reactions, known as the the Calvin-Benson cycle, or or ‘light-independent reactions’, and 
include all processes involved in carbon fixation from the atmosphere, to produce 
carbohydrates.  
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Figure 1.1: Schematic overview of 
photosynthesis. Light energy from the sun is 
captured by photosynthetic pigments, and along 
with water is utilised in the ‘light reactions’ of 
photosynthesis, producing oxygen and energy in 
the form of ATP and NADPH. The energy 
produced from the ‘light reactions’ is utilised in 
the ‘dark reactions’/Calvin-Benson cycle, along 
with carbon dioxide from the atmosphere, to 
produce carbohydrates. 
 
 
Despite the complexity of all photosynthetic processes, a simplification of photosynthesis can 
be seen in Figure 1.1. Although outside the scope of this thesis, a more detailed report on the 
light reactions of photosynthesis can be found in a review article by Renger [14]. 
Plant photosynthesis is reported to convert light energy into chemical energy with a 
photosynthetic efficiency of only ~ 1-2%, although its theoretical maximum is ~ 5% [8, 9]. 
Many factors affect the efficiency of plant photosynthesis, see Table 1.1. 
Table 1.1: Table demonstrating the energy efficiency of photosynthesis for C3 plants. Table adapted from Long and Zhu et 
al.[8, 9].  
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Table 1.1 highlights the major bottlenecks of photosynthesis, providing insight into areas of 
research that could increase photosynthetic efficiency. For oxygen-evolving photosynthesis, 
only ~50% of the total incident solar energy is photosynthetically active, as photons outside 
light radiation of 400-700 nm cannot be used efficiently [9]. Further to this, the main 
photosynthetic pigment, chlorophyll, does not absorb solar light radiation in the green 
wavelength band, limiting the maximum interception of the solar light between 400-700 nm. 
Energy is also lost in the form of light being scattered by leaves, and also due to some 
pigments that absorb light but cannot pass the energy on, for example anthocyanins [15]. Of 
the remaining energy, ~20% is lost due to photochemical inefficiencies, due to the fact that 
only a fixed amount of energy is needed (there is a minimum energy of 8 photons per oxygen 
evolved), and so radiation of lower wavelengths lose the remaining energy as heat. The 
largest loss of energy efficiency is due to carbohydrate synthesis, where ~66% of the 
remaining energy is lost.  ~30% of the remaining energy is lost due to photorespiration, an 
energy draining side reaction of photosynthesis. Lastly, plants use ~40% of the remaining 
energy in dark respiration, a much needed biological process required for tissue maintenance 
and synthesis.  
It is not surprising that one of the major areas of photosynthetic research is focused on 
increasing the efficiency of carbohydrate synthesis, by limiting photorespiration, for increased 
photosynthetic yields. 
1.2.1. Calvin-Benson-Bassham cycle (C3 cycle) 
The light independent reactions, despite the name, can only occur when light is available. The 
C3 cycles utilises energy in the form of ATP and NADPH, which are generated from the light 
reactions of photosynthesis, and use this energy to convert CO2 into carbohydrates, through 
a process known as carbon fixation. The fixation of CO2 may be better known as the Calvin 
cycle, named after Melvin Calvin, Andrew Benson and James Bassham, who fully described 
the carbon fixation cycle between 1946-1953 [16-18]. 
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Carbon fixation is the primary pathway of carbon assimilation in photosynthetic organisms, 
and can be described in three simple stages, see Figure 1.2. The first step of the pathway is 
the incorporation of CO2 into a 5-carbon sugar phosphate, ribulose 1,5-biphosphate (RuBP), 
a reaction that is catalysed by the enzyme ribulose 1,5-biphosphate carboxylase/oxygenase 
(Rubisco). The 6-carbon intermediate formed by this reaction quickly dissociates, producing 
two molecules of 3-phosphoglyceric acid (3PGA). In the second step of the pathway, the ATP 
and NADPH produced in the light reactions are utilised for the reduction of 3PGA to 
glyceraldehyde 3-phosphate (G3P), which is a precursor to glucose and other sugars. The final 
stage of the pathway is the regeneration of RuBP. 
Figure 1.2: Diagram showing the Calvin cycle. Phase 1 depicts the fixation of CO2 into ribulose 1,5-bisphosphate (RuBP), 
catalysed by Rubisco, to produce two molecules of 3-phosphoglycerate (3PGA); Phase 2 depicts the reduction of 3PGA to 
glycerol-3-phosphate (G3P) via 1,3-bisphosphoglycerate (BPGA), utilising adenosine triphosphate (ATP) and nicotinamide 
adenine dinucleotide phosphate (NADPH); Phase 3 depicts a simplification of the regeneration of RuBP (which utilises 
ATP), with ribulose 5-phosphate (Ru5P) as an intermediate. However, the regeneration of RuBP is a complex pathway, 
and further information can be found in a review by Woodrow and Berry [19]. 
The complexity of the Calvin cycle is summed up to give an overall equation (see Equation 
1.2) that is used to describe the carbon assimilation process. Three molecules of CO2 and three 
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molecules of RuBP, are needed to produce six molecules of G3P, through the use of nine ATP 
and six NADPH molecules. Only one, out of the six molecules of G3P generated, is used for 
the synthesis of carbohydrates, with the other five molecules of G3P being re-entered into 
the cycle for the third step of the Calvin cycle; the regeneration of RuBP. 
6CO2 + 18ATP + 12 NADPH → 2G3P + 18ADP + 16Pi + 12NADP+ 
Equation 1.2: Equation describing the Calvin cycle. Adenosine triphosphate (ATP), nicotinamide adenine dinucleotide 
phosphate (NADPH), glycerol 3-phosphate (G3P), adenosine diphosphate (ADP), inorganic phosphate (Pi). 
1.3. Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) 
As discussed above, Rubisco is the CO2 fixating enzyme present within the first step of the 
carbon fixation cycle, where it catalyses the reaction between RuBP and CO2, producing two 
molecules of 3PGA. Rubisco is a remarkably inefficient enzyme, suffering from both a slow 
catalytic activity and low specificity, where O2 competes with CO2 for the incorporation into 
RuBP. In some photosynthetic species, the kCAT is as low as 1-2 sec-1, meaning that Rubisco 
can only ‘fix’ three molecules of CO2 per molecule of enzyme per second [20]. Rubisco makes 
up approximately 30 -50% of soluble proteins in C3 plants [21], and thus it is thought that 
some photosynthetic organisms compensate for this low catalytic activity and lack of 
specificity, by producing large amounts of Rubisco. Rubisco is therefore the most abundant 
enzyme known to man, and subsequently represents a major sink for plant nitrogen. Rubisco 
is estimated to fix 1011 metric tons of CO2 every year, and arguably almost all the biomass on 
the planet has at one point being catalysed by Rubisco [22, 23].  
Due to Rubisco’s slow catalytic rate and lack of specificity, it is not surprising that Rubisco is 
one of the major bottlenecks of photosynthesis, and hence is one of the major targets of 
photosynthetic research. There have been many reports that state that improvements in the 
efficiency of Rubisco’s activity could result in an overall increase in photosynthetic efficiency, 
and hence increase in crop yields [9]. 
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1.3.1. Structure of Rubisco 
Rubisco is located close to the stromal surface of the thylakoid membrane within the 
chloroplast, and is present in most autotrophic organisms, from photosynthetic bacteria to 
higher plants [20]. Rubisco is a multimeric enzyme, comprising varying numbers of the large 
subunits ((LSU) 50-55 kDa) and small subunits ((SSU) 12-18 kDa), which in higher plants and 
algae, are encoded by the chloroplast genome and the nuclear genome respectively [20, 24]. 
There are a number of different forms of Rubisco (form I, II, and III, as well as the more diverse 
Rubisco-like proteins (RLPs) called form IV), which are all multimeric, but differ in structure 
by the number of subunits present within each form [25]. RLPs lack the conserved active site 
residues of form I, II and III Rubisco’s, and therefore do not bind RuBP, or catalyse CO2 fixation. 
It has been shown that RLPs bind an analogue of RuBP, and instead of catalysing carbon 
fixation, they participate in thiosulfate oxidation [26], however, this is beyond the scope of 
this thesis. Form I Rubisco is the most common form, found in higher plants, cyanobacteria 
and eukaryotic algae [24], and its structure has been solved in many species, with first reports 
for tobacco [27] and spinach [28].  
All forms of Rubisco contain at least two LSU, which are made up of two domains, a large 
carboxy-terminal domain (~ 320 amino acids) and a smaller amino-terminal domain (~150 
amino acids) [29]. The amino-terminal of the LSU has four antiparallel β sheets surrounded 
by four α helices, while the carboxy-terminal consists of eight α and β units arranged in an 
eight stranded parallel α/β barrel. Paired LSU arrange head to tail to form a dimer (L2), and 
some amino acid loops from the α/β barrel of the carboxy-terminal of one LSU, along with 
some amino acid loops from the amino-terminal of the second LSU, make up the active sites 
of Rubisco [24]. There is only ~ 30% amino acid identity between the different forms of 
Rubisco (I, II and III), but despite this, all Rubisco’s have conserved LSU structures at the 
amino- and carboxy-terminal domains, and highly conserved catalytic residues at the active 
sites [29].  
Form II and form III Rubisco do not contain SSU, and are structurally arranged in (L2)n 
complexes, where n= 1-5 [29]. As the focus of this thesis is on higher plants photosynthesis, 
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all further discussion will be based on form I Rubisco, and although outside the scope of this 
thesis, a more detailed summary on form II, III  and RLPs can be found in a review by Tabita 
et al. [25]. 
Form I Rubisco consists of eight LSU and eight SSU, arranged in a hexadecameric structure. 
This is formed from the arrangement of four LSU dimers (L2)4 around a four-fold axis of 
symmetry, capped by four SSU at each end (L4)2, forming a L8S8 structure, as shown in Figure 
1.3 [20, 30].  
 
Figure 1.3: Quaternary structure of form I Rubisco, from spinach. A) The L8S8 Rubisco hexadecamer viewed along the two 
fold symmetry axis. B) The L8S8 Rubisco hexadecamer viewed from above (four fold axis). The Large subunits are blue and 
the small subunits are in yellow. The green spheres are mimicry substrate (2CABP) bound to the active site of Rubisco. 
Protein data bank (PDB) 1rcx, and image adapted from Andersson [20, 24, 28, 30].  
The L8 subunits of the hexadecameric structure are arranged in four antiparallel dimers (L2)4, 
with two active sites formed per (L2) dimer, making a total of eight active sites per molecule 
of form I Rubisco. The LSU are arranged in such a way that the active sites face towards the 
outside of the enzyme, where they are available for substrate binding [20].  
The LSU play a catalytic role, however the precise role of the SSU is not fully clear, as although 
they are known to affect catalysis [31], they are not essential [32, 33]. The SSU, however, have 
been reported to be important for structural stability [20], and recently the SSU have also 
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been suggested to function as CO2 storage reservoirs [34]. Interestingly, hybrid enzymes 
containing LSU and SSU from different species, have been reported to show differences in 
their stability and specificity [29, 31, 35].  
1.3.2. Rubisco’s catalysis 
Rubisco needs to be ‘activated’ in order to be catalytically active [36]. This activation comes 
from the carbamylation of Rubisco through the addition of an activating CO2 molecule (not to 
be confused with substrate CO2 [37]) at the Lys201 residue, forming a carbamate (see Figure 
1.4). Once carbamylated, a magnesium ion (Mg2+) can then stabile Rubisco in its active form. 
Crystal structure studies of Rubisco complexed with the transition state analogue, 2-D-
carboxy-1,5-arabinitolbisphosphate (2CABP) reveals that the Mg2+ ion stabilises the binding 
of 2CABP by coordinating in an octahedral geometry to three oxygen ligands from the 2CABP, 
and to one oxygen ligand from three neighbouring residues (the carbamylated Lys201, 
Asp203 and Glu204) [28].  
Figure 1.4 Image showing (A) Quaternary structure of form I Rubisco (L8S8) from Spinach (B) Single L subunit structure, 
highlighting the active site (C) Arrangement of Rubisco’s active site, with the reaction intermediate, 2-D-carboxy-1,5-
arabinitolbisphosphate (CABP) bound. The activating CO2 is shown bound to Lys201 (K201X), and bound Mg2+, including 
the residues known to support binding geometry (Lys201 (K201X), Asp203 (D203) and Glu204 (E204)). The residue at the 
apex of loop 6 is also shown (Lys334 (K334)). Taken from Whitney et al. [29] and based on PDB 8RUC. 
Once activated by CO2 and Mg2+, Rubisco can bind RuBP at its active site, and once bound 
RuBP (Figure 1.5, (1)) is quickly converted to the 2,3-enediolate form of RuBP (Figure 1.5, (2)). 
It is thought that the free oxygen atom on the carbamate of Lys201 acts as proton acceptor 
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[38]. The next step is the nucleophillic attack of enol-RuBP on CO2, which is the step that 
determines the specificity, and the rate of the overall reaction, due to the competing reaction 
with O2 [24]. After enol-RuBP has been carboxylated, the formed β-keto acid (Figure 1.5, (3)) 
is hydrated to the gemdiol transition state analogue (Figure 1.5, (4)), and then subsequently 
deprotonated, cleaving the analogue and producing two molecules of 3PGA (Figure 1.5 (5) 
and (6)). The Mg2+ ion helps to stabilise the developing negative charges during catalysis.  
Figure 1.5: Scheme of the reaction catalysed by Rubisco, where: (1) Ribulose 1,5-biphosphate (RuBP); (2) enediolate of 
RuBP; (3) 2-carboxy-3-keto-arabinitol 1,5-biphosphate (KABP); (4) gemdiol form of KABP (5) 3-phosphoglycerate (3PGA) 
(6) 3PGA. 
During catalysis, Rubisco’s active site undergoes a conformational change, from ‘open’ to 
‘closed’, which is necessary to prevent access of solvent during catalysis. Loop 6, which is 
located within the C-terminal α/β barrel domain of the LSU dimer, is thought to help to control 
conformational changes at the active site [24]. The active site remains open when it is 
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unliganded (or when the product or substrate are loosely bound), but closes when substrates 
or inhibitors are tightly bound [24]. The active site opens once more when the reaction has 
been catalysed and the product is released. It is believed that Val331 (positioned at the 
amino-terminal end of loop 6) is the ‘spring’, responsible for the movement of the loop [39]. 
Loop 6 is also known to be important for CO2 specificity, with a reported decrease in specificity 
of ~ 40% when Val331 was mutated [40]. It is also known that Lys334 (which is located at the 
apex of loop 6) plays an important role in stabilising transition state intermediates at the 
active site through interactions with CO2/O2 as it is incorporated into RuBP [41]. However, it 
is still unclear about the timing of the conformational changes, or what triggers them.  
1.3.3. Inefficiencies of Rubisco  
Photorespiration 
Rubisco (ribulose-1, 5-biphosphate carboxylase/oxygenase) is named as such, as the enzyme 
is bifunctional, acting not only as a catalyst for the carboxylation reaction (with CO2 as 
substrate) but also as a catalyst for the oxygenation reaction (with O2 as substrate), see Figure 
1.6. Although Rubisco has a higher specificity for CO2, neither gas binds directly to Rubisco 
(but instead to the enediol RuBP), which can interact with either gas, due to structural and 
chemical similarities. This is not helped by the fact that the atmospheric concentration of the 
two gases is disproportionate (21% O2, 0.04% CO2), where O2 is over 500 times more abundant 
than CO2. When O2 is ‘fixed’ instead of CO2, the reaction is known as oxygenation, which is 
the reaction between O2 and RuBP, producing one molecule of 3PGA and one molecule of 2-
phosphoglycolate (2PG) [42]. The 2PG produced is hydrolysed to glycolate, which is then 
partially oxidised to CO2 through a series of biochemical reactions, which comes at a loss of 
energy. As photorespiration has no known metabolic function, it is often seen as an energy 
wasteful process, reducing the efficiency of photosynthesis by draining the amount of RuBP 
available for carboxylation, and by draining energy in the form of ATP and NADPH [43].  
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Figure 1.6: Diagram depicting the bifunctional nature of Rubisco, acting as a catalyst for both CO2 and O2. Carboxyketone 
(also known as KABP) and peroxyketone are the carboxylation and oxygenation reaction intermediates, respectively. 
Image taken from Whitney et al. [29]. 
The specificity factor, τ, is defined as the relative specificity of Rubisco for CO2 to O2, see 
Equation 1.3. Although plants have a higher specificity for CO2, photorespiration still accounts 
for about 30-50% loss of carbon fixation in higher C3 plants [43]. Photorespiration increases 
significantly in hotter climates, as the oxygenation reaction is favoured by higher 
temperatures due to the lower solubility of CO2 at higher temperatures [42]. The associated 
increase in global temperature due to climate change is therefore expected to favour the 
specificity of the oxygenation reaction, thus reducing τ, and photosynthesis rates, for all C3 
plants. 
𝜏 =
𝑉𝑐𝐾𝑜
𝑉𝑜𝐾𝑐
 
Equation 1.3: Specificity factor, τ, where VC and VO are the maximum velocities of the carboxylase and oxygenase reactions 
respectively, and KC and KO represent the Michaelis-Menten constants for CO2 and O2 respectively.  
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Inhibitors and regulation of Rubisco  
The efficiency of Rubisco is greatly reduced due to the inhibition by natural occurring sugar 
phosphates present within the chloroplast, including reaction intermediates and side 
products of the carbon fixation cycle, of which D-xylulose-1,5-bisphosphate (XuBP) is a 
notable example [44]. Rubisco can also be inhibited (by up to 50%) by its substrate RuBP [45]. 
In its normal role, RuBP binds to Rubisco in its carbamylated active state, but RuBP also has a 
high affinity for Rubisco in its non-carbamylated state, i.e. when Rubisco is not activated by 
CO2. When RuBP binds to the non-carbamylated form of Rubisco, there is a shift in 
conformation of the enzyme and Rubisco’s active site ‘closes’, and as no product is formed, 
the site remains closed, rendering it inactive. Some naturally occurring inhibitors can also 
inhibit Rubisco in its carbamylated state, which also triggers the closure of the active site. The 
most commonly characterised and studied of these inhibitors is 2-carboxy-D-arabinitol 1-
phosphate (CA1P). 
Figure 1.7: Diagram depicting the role of Rubisco activase in regulating Rubisco’s activity. [I] Inhibitor that can bind to non-
activated Rubisco, [I*] Inhibitor that can bind to activated Rubisco, [E] Non activated Rubisco, [E.I] Non activated Rubisco 
with inhibitor bound, [E.CO2.Mg2+], Rubisco activated with CO2 and Mg2+, [E.CO2.Mg2+, I*] Rubisco activated with CO2 and 
Mg2+ with inhibitor bound. Image taken from Parry et al. [45]. 
Rubisco’s inhibition can be reversed by a AAA+ regulator enzyme, Rubisco activase, which acts 
as an ATP dependent chaperone, facilitating conformational changes within Rubisco to 
facilitate the release of tightly binding sugar phosphate inhibitors [46, 47], see Figure 1.7. 
Rubisco activase is regulated by ATP/ADP concentrations in the stroma, and it is thought that 
it plays a central role in coordinating CO2 fixation with the light reactions of photosynthesis 
[46].  
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Rubisco activase is one of the key determinants for the activation state of Rubisco in vivo, and 
it has been reported that Rubisco’s activation is one of the key limitations of CO2 fixation at 
low CO2 partial pressure [48]. Additionally, Rubisco activase is known to be thermally 
unstable, limiting CO2 assimilation under heat stress [49, 50], resulting in a low activation 
state for Rubisco due to low activity of Rubisco activase [51, 52]. 
The precise nature of the interaction between Rubisco and Rubisco activase is still not known, 
but it is important to understand the interactions that control and regulate Rubisco’s activity 
in order to help increase photosynthetic efficiency. The partial X-ray crystal structure of 
Rubisco activase, isolated from tobacco, has recently been reported, providing a framework 
for future mechanistic and interaction studies [53].  
1.4. The evolution of carbon concentrating mechansims (CCMs) 
1.4.1. The evolution of CCMs in vascular plants 
In vascular plants, the biochemical mechanisms used for carbon fixation can be categorised 
into the C3 fixation pathway (C3 plants), the C4 fixation pathway (C4 plants) and the 
crassulacean acid metabolism pathway (CAM plants), see Figure 1.8. C3 plants evolved in a 
time when there was a high ambient concentration of CO2 and a low concentration of O2 in 
the atmosphere. Due to the high concentration of CO2, C3 plants evolved to absorb CO2 
directly from the atmosphere, for utilisation in the carbon fixation cycle. However, todays 
atmospheric conditions see CO2 concentrations of about ~0.04% in comparison to O2 
concentrations of ~ 21%. The large increase in O2 in comparison to CO2, means that 
photosynthesis is no longer the efficient process that it once was, as the competing 
oxygenation reaction has decreased the specificity of the carboxylation reaction of Rubisco. 
The lower concentration of CO2 in the atmosphere has led to lower carbon fixation rates, as 
the low concentration limits passive diffusion through leaf pores to the active site of Rubisco 
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[54]. C3 plants make up ~ 85% of the world’s plants, and include a large proportion of the 
world’s major food crops, including wheat, potatoes, rice and soybean [55].  
Figure 1.8: Diagrams depicting A) C3 fixation pathway B) C4 fixation pathway C) CAM fixation pathway 
C4 fixation pathway 
C4 plants evolved from C3 plants at a time when there was a lower CO2 concentration in the 
atmosphere and an increase in the concentration of O2. C4 plants therefore evolved to 
develop a more efficient way of concentrating CO2 for increased photosynthetic rates, by 
creating dual carboxylation pathways, which are spatially separated within the plant leaf. C4 
fixation is named after the four carbon compound (malate/asparate), which is formed after 
HCO3- is fixed by the enzyme phosphoenolpyruvate carboxylate (PEPCase) within the 
mesophyll cells [56]. Malate/asparate is then transported to the bundle-sheath cells, where 
it is decarboxylated, allowing for the release of CO2 around the active site of Rubisco. The role 
of PEPCase effectively allows for the separation of atmospheric O2 from the site of 
photosynthesis in C4 plants (bundle-sheath cells) [56].  
Within most C4 plants, a specialised leaf anatomy (“Kranz-type” anatomy) has evolved, which 
allows for separation of the mesophyll and bundle-sheath chloroplasts. Rubisco is present 
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only in the chloroplasts of the bundle-sheath cells (the main site of photosynthesis in C4 
plants), but in contrast, in C3 plants, Rubisco is present within all chloroplasts, and the primary 
site of photosynthesis is within the mesophyll cells. 
C4 plants make up ~4% of the world’s land plants, and most are grasses, but other examples 
include maize and sugarcane [57]. 
CAM fixation pathway 
CAM, which is named after the plant family in which this biochemical pathway was first 
observed, also evolved in a time of decreased atmospheric CO2 concentration, and increased 
O2 concentration. In addition to atmospheric CO2 concentration, evolution in terrestrial CAM 
plants was also driven by water stress [56]. CAM concentrates CO2 around Rubisco through 
dual carboxylation pathways, but differs from the C4 pathway, as the two pathways are 
temporally separated, not spatially. The stomata are closed during the day, reducing 
evaporation and transpiration, but opens at night to allow CO2 to be fixed by PEPCase, forming 
malate, which is stored as malic acid in vacuoles for use during the next day. During the day, 
malic acid exits the vacuoles and undergoes decarboxylation, producing CO2 at a high internal 
partial pressures, allowing for a 2-60 times increase of ambient CO2 concentrations around 
Rubisco [58]. The closure of the stomata during the day inhibits CO2 leakage [56]. CAM plants 
make up ~8% of the world’s land plants [56], and due to their ability to limit water loss, CAM 
fixation is common within dry climates, with examples including pineapples, cacti and orchids. 
A more detailed summary of the difference of C3, C4 and CAM plants can be read in a review 
by Keeley et al. [56].  
1.4.2. Carbonic anhydrase as a CCM 
Carbonic anhydrase (CA) is a zinc metalloenzyme that catalyses both the hydration of CO2 and 
the dehydration of HCO3-, see Equation 1.4 [59]. When CO2 is dissolved in water it is hydrated 
to form carbonic acid, H2CO3, which further dissociates to form HCO3- and H+, and the 
equilibrium between HCO3- and CO2 is controlled by the pH of the solution. Without CA 
present, Rubisco from cyanobacteria and green algae would only be able to fix 10-15% of the 
CO2 that it currently fixes from the atmosphere [60]. 
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HCO3- +   H+               H2CO3  CO2  +   H2O 
 Equation 1.4: Equation showing the reaction catalysed by carbonic anhydrase 
CA was first discovered in 1932, and first purified in 1933 from the mammalian red blood cells 
by Brinkman et al. [61], and Meldrum et al. [62]. It has since been reported to exist in 3 main 
forms based on amino acid homology: the α-CA, β-CA, and γ-CA [63]. CA is one of the fastest 
enzymes known to man, with a catalytic turnover rate in some α-CA isoforms as high as 1 x 
106 s-1 [64]. CA is involved in fundamental physiological processes such as photosynthesis, 
respiration, metabolism, cell growth, and maintenance of pH balance within our tissues [65]. 
Despite its versatile roles, this chapter only focuses on CAs role within photosynthesis, and 
although outside the scope of this thesis, further information of CAs other roles can be read 
in reviews by Frost [66] and Henry [67]. 
Higher plants, green algae and cyanobacteria contain all three forms of CA (α-, β-, and γ-), and 
contain multiple isoforms [68]. In Arabidopsis, at least 19 genes encoding for different CAs 
were found, suggesting that within these α-, β-, and γ-CA forms, there are multiple isoforms 
present, depending on their subcellular location and their physiological role [69, 70]. In 
Chlamydomonas reinhardtii at least 12 genes encode for different CA isoforms, including 
three α-CAs, six β-CAs, and three γ-CA, or gamma-like CAs [71]. In C3 plants, β-CA, localised 
to the chloroplast stroma, is the most abundant CA, and also has the highest total activity of 
any CA in the plant [70]. The widespread occurrence and roles of different isoforms of CA 
within different organisms is still poorly understood.  
Although CA is present in all C3, C4 and CAM plants, the function and location of the different 
isoforms of CA are different, depending on the organism. The role of CA in C3 plants is less 
clear, and it not known to significantly affect carbon fixation rates, but has been reported to 
effect stomatal conductance and guard cell movement [72]. In C4 and CAM plants, cytosolic 
CA is needed for the conversion of CO2 to HCO3-, supplying PEPCase with its substrate for 
malate/asparate production. In addition, CAM plants contain chloroplastic CA, for high 
conversion of HCO3- to CO2.  
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Due to the apparent CO2 concentrating nature of CAs, it is not surprising that Rubisco and β-
CA have been transcriptionally linked. In a study where P. sativum plants were transferred 
from an environment with high CO2 concentrations to atmospheric CO2 concentrations 
(lower), both Rubisco and β-CA expression levels increased together [73]. 
1.4.3. The evolution of CCMs in phototrophic microorganisms 
Aquatic phototrophic microorganisms have evolved complex CCMs, which have been driven 
by not only low atmospheric CO2, but also poor solubility of CO2 in aqueous environments. 
Eukaryotic and prokaryotic organisms have developed different CCMs mechanisms, where 
Rubisco is contained within a CO2 concentrating micro compartment, which are known as 
pyrenoids in eukaryotic organisms, and carboxysomes in prokaryotic organisms [56]. Despite 
this major difference, both organisms have developed mechanisms whereby inorganic 
transporters shuttle HCO3- to the vicinity of the Rubisco containing micro compartments, and 
CA converts the ‘stored’ HCO3- to CO2 [56]. 
Carboxysomes 
Carboxysomes are micro-compartments found in bacterial prokaryotic organisms, which have 
evolved to concentrate CO2 around Rubisco. Carboxysomes are made from polyhedral protein 
shells, and are known to be 80-120 nm in diameter, Figure 1.9 [74]. Carboxysomes contain 
the two most important CO2 fixating enzymes, Rubisco and CA. Inorganic transporters within 
the cell membrane allow for increased cytosolic bicarbonate concentrations. CO2 cannot 
enter the carboxysome, but cytosolic bicarbonate enters through small pores in the shell, 
where it is then converted to CO2 by carboxysomal CA. CO2 cannot diffuse out of the 
carboxysome shell, and so an elevated steady state concentration of CO2 is created (this has 
been reported to increase inorganic carbon concentrations by up to ~1000 fold [60]) [75]. It 
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is also been suggested that carboxysomes limit photorespiration, by excluding O2 from 
diffusing through the shell [76].  
Figure 1.9: A) Electron micrographs of purified carboxysomes from Halothiobacillus neapolitanus, taken from [77], and B) 
Schematic showing the CO2 concentrating mechanism of the carboxysomes utilising CA to increase CO2 concentrations 
around Rubisco. Ribulose 1,5-bisphosphate (RuBP), 3-phosphoglycerate (3PG). 
Pyrenoids 
Pyrenoids are subcellular compartments found in many unicellular algae, and also found in 
one land plant species, hornworts [78]. Pyrenoids are completely proteinaceous, round in 
shape, and known to be from 500 nm-1 µm in diameter [79]. Similar to prokaryotic 
carboxysomes, inorganic carbon transporters help in building up a pool of intracellular HCO3-, 
which is converted to CO2 by CA. Pyrenoids are made up of ~ 90 % Rubisco [80], and although 
no protein shell or membrane (which is present in prokaryotic carboxysomes) has been 
reported, the tight packaging of Rubisco into the confined volume of the pyrenoid minimises 
CO2 leakage [81]. It has been reported that in some algae, CO2 levels near the Pyrenoids can 
be raised to 180 times greater than anywhere else in the cell, greatly increasing CO2 fixation 
[82]. 
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Figure 1.10: Schematic showing the role of CCMs within eukaryotic organisms, depicting the role of inorganic carbon 
transporters and pyrenoids in concentrating CO2 around Rubisco. Adapted from Meyer et, al. [83]. 
1.5. Increasing the efficiency of photosynthesis 
It is clear that an increase in photosynthetic yields is needed in order to meet future food and 
energy demands. Increasing the efficiency of Rubisco is a major area of research, with most 
strategies focusing on increasing the efficiency of the carboxylation reaction, by genetic 
manipulation of Rubisco.  
1.5.1. Genetic manipulation of Rubisco and engineering CCMs 
Genetic manipulation of Rubisco to improve catalytic activity could have a huge impact on 
crop yields. However, a major problem, which has led to many unsuccessful attempts to 
genetically manipulate Rubisco in higher plants, is that the genes coding for the small subunit 
are in the nuclear genome, but the genes coding for the large subunit are in the chloroplast 
genome. Even when this is overcome, there have been problems in assembling the large and 
small subunits into the hexadecameric holoenzyme [84]. Through the use of model systems, 
such as Chlamydomonas reinhardi and the C3 plant, tobacco, where genetic engineering tools 
are most advanced, the successful manipulation of Rubisco’s small and large subunits has led 
to important insights [29]. The manipulation of these model systems has led to a greater 
understanding of the catalytic properties of Rubisco, and have been instrumental in 
determining the active site residues that are important for catalysis [41]. 
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The genetic manipulation of Rubisco to alter the specificity factor, τ, has also been a major 
area of Rubisco research. By increasing the specificity of Rubisco for CO2, relative to O2, it was 
postulated that the catalytic rate of Rubisco could be increased [41, 85]. Despite successful 
improvements to the τ, Rubisco’s catalytic activity could not be shown to significantly 
increase, and in some cases, catalytic activity was shown to decrease, as the increase in 
Rubisco’s specificity for CO2 led to tighter binding of the sugar phosphate intermediates to 
Rubisco’s active site, resulting in lower turnover rates [41].  
Research has also focused on ways to genetically engineer CO2 concentrating mechanisms 
into C3 crops, in order to increase photosynthetic efficiency by decreasing photorespiratory 
loss. Studies have focused on trying to increase productivity by introducing C4-like properties 
into rice [86], and by introducing CO2/HCO3 transporter proteins from cyanobacteria into 
chloroplast membranes, in order to shuttle CO2 to Rubisco [81, 87, 88]. Attempts have also 
been made to replace Rubisco in C3 plants with Rubisco from cyanobacteria and red algae, 
but the complex assembly of Rubisco has made these attempts unsuccessful [89, 90]. 
However a recent breakthrough by Parry and Hanson et al. has resulted in the  successful 
engineering of Rubisco from the cyanobacterium, Synechococcus elongatus, into tobacco 
plants, which showed increased CO2 fixation rates at high [CO2], over the tobacco control [91].  
Research has also focused on engineering ways to reduce the loss of photosynthetic efficiency 
by introducing alternative pathways for 2PG (formed from oxygenation reaction of Rubisco) 
conversion to 3PGA, with reports highlighting that an increase in biomass of 30% in model 
species was possible [86, 92, 93]. 
1.5.2. Elevated CO2 concentrations 
There is a vast volume of research reporting the beneficial impact to crop yields by elevating 
the current atmospheric concentration of CO2 (400 ppm) to much higher concentrations (500-
700 ppm), to overcome the inefficiency of carbon fixation, by competitively inhibiting the 
oxygenation reaction [94]. Soybean, which is the most widely grown protein and oilseed crop 
in the world, has been reported in over 100 publications for the study of elevated CO2 on its 
growth yield [94]. It has been shown, that under a mean elevated CO2 concentration of 689 
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ppm, soybean crop yields were increased by 24% [95]. The European Stress Physiology and 
Climate Experiment (ESPACE) project grew a single genotype of wheat (Triticum aestivum L. 
cv. Minaret) under open air conditions, at seven different sites around Europe. The wheat was 
grown under ambient conditions and also at an increased CO2 concentration of 650 ppm for 
three consecutive growing seasons [96]. All the sites reported a 23-58% increase in leaf 
photosynthesis and 35% increase in grain yield, suggesting an increase in CO2 concentration 
increases the photosynthetic rate of the crop, and as a consequence increases the crop yield. 
An important study which has provided evidence for an increase in crop yield by elevated CO2, 
is the free-air carbon dioxide enrichment (FACE) study [97]. FACE studies involve growing 
crops under normal open air conditions and introducing an increase in the CO2 concentration 
just above the surface of the crop plot. This type of study allowed the determination of 
increased CO2 effects on crop yields under real life conditions, and not in a controlled 
environment. FACE experiments have been conducted over the last two decades, with 
experiments aimed at monitoring the growth of plants over many seasons, and monitoring 
crops over their full life times. Ainsworth and Long reported that with a concentration of CO2 
at 600 ppm, the crop yield for four different crops, from FACE experiments, was increased by 
17% [94]. Although this value is lower than that previously reported from other studies (c.f. 
28-35% in controlled experiments), it is believed that FACE experiments are a more accurate 
way of studying increased CO2 concentrations on crop yields, due to the more realistic 
environment in which the crops are grown [98, 99].  
Since the introduction of FACE by Lewin et al. [100, 101], there have been over 15 long-term 
FACE experiments conducted worldwide. A review of these experiments by Leakey et al. 
revealed that carbon uptake and photosynthetic nitrogen efficiency are enhanced by elevated 
[CO2], even for C3 crops that are not limited by Rubisco inefficiency but that are limited by 
RuBP regeneration [102]. 
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1.6. Carbonic anhydrase mimetics 
As discussed in section 1.4.2, CA catalyses the interconversion of CO2/HCO3-, and as such, 
plays an important role in supplying high concentrations of CO2 to Rubisco in cyanobacteria 
and unicellular algae, to maintain high photosynthetic rates (section 1.4.3). The role of this 
enzyme across nature is versatile, and CA participates in a variety of other biological 
processes, including respiration, metabolism, cell growth, and acid-base balance [65]. It is 
therefore not surprising that this enzyme has been reported as a major target for cancer 
therapy, glaucoma, diabetes, and Alzheimer’s disease [103]. This has led to extensive research 
on the development of small metal-ligand complexes for the mimicry of the active site of this 
enzyme, in order to understand the chemistry that governs catalysis (reviewed in detail in 
Chapter 5). This has undoubtedly provided crucial understanding of the role that this 
important enzyme plays within human health and disease [104].  
In the last few years, CA and CA mimetics have also gained popularity in the field of carbon 
capture and sequestration. CA has been immobilised on gold nanoparticles, silica, and other 
solid supports, in attempts to capture CO2 from the atmosphere, helping to reduce carbon 
dioxide emissions [105]. Furthermore, CA has been engineered to withstand high 
temperatures and high pHs, to allow for industrial application for carbon capture from flue 
gas [106].  
Due to the high level of interest and success of this enzyme and its mimetics within the 
environmental and pharmaceutical sectors, it is surprising that, to date, there has been no 
link between CA mimetics and the advantages that they could bring to photosynthetic 
research.  
1.7. Aims and objectives of this thesis 
The inherent inefficiencies of Rubisco in C3 plants is one of the major bottlenecks of 
photosynthetic efficiency. Carbon enrichment studies have demonstrated that exposing C3 
crops to elevated [CO2], leads to increased photosynthetic yields, and subsequently increased 
crop yields [8, 94]. In C3 crops, the increased photosynthetic yields have been attributed to 
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both an increase in the velocity of the carboxylation reaction, and the competitive inhibition 
of the oxygenation reaction of Rubisco, due to the increase in local [CO2]:[O2] [107]. 
Furthermore, C4 plants, CAM plants, cyanobacteria and unicellular algae, have evolved CCMs 
for increased photosynthetic efficiency, by utilising CA to increase local [CO2] around Rubisco 
[60, 68]. This thesis takes inspiration from carbon enrichment studies and natural CCMs, and 
aims to chemically mimic the role of CA, through the use of small metal-ligand complexes, to 
investigate the ability of CA mimetics to alter CO2 concentrations around Rubisco. This is the 
first known approach of using chemical tools targeted towards mitigating the loss of Rubisco 
inefficiencies in photosynthetic research. In order to achieve this goal, a number of aims and 
objectives were set out for this thesis: 
1)  To explore the use of hydrophobic interaction chromatography (HIC) as a rapid 
purification method for the isolation of Rubisco. Many current purification methods 
employ differential ammonium sulphate ((NH4)2SO4) precipitation as a pre-step, 
therefore requiring the removal of salt by gel filtration or dialysis, prior to column 
chromatography. The use of HIC as the proceeding step to (NH4)2SO4 precipitation, 
would negate the need for lengthy protocols for salt removal, as HIC requires samples 
to be loaded at high salt conditions. 
2) To optimise a sensitive and fast spectrophotometric Rubisco enzymatic assay, as a 
robust platform to screen and test the efficacy of the CA mimetics on Rubisco’s 
activity.  
3) To synthesise a suite of existing and novel CA mimetics, which will differ in ligand 
design, and by the transition metal centre.  
4)  To investigate the ability of the CA mimetics to interconvert CO2/HCO3-, by the use of 
stopped flow spectroscopy. This will allow for a comparison of the chemical 
parameters that are important for high interconversion rates of HCO3- to CO2. 
Additionally stopped flow will allow for the investigation of the pH-dependencies of 
the CA mimetics, to understand at what pHs the CA mimetics are most effective. 
5) To investigate the effect of pH on the kinetics of Rubisco. Due to the pH-dependency 
of CA mimetics [108], there is a need to gain a deeper understanding of the pH-
dependent enzymological properties of Rubisco. Additionally, this will allow for an 
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understanding of suitable pH values for which the addition of CA mimetics to the 
Rubisco assay can be studied. 
6) To screen the ability of CA mimetics to affect change in the activity of Rubisco, by 
altering local CO2 concentrations.  
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2.  Isolation and kinetic characterisation of hydrophobically 
distinct populations of form I Rubisco, by the use of a rapid 
hydrophobic interaction chromatography protocol  
A prerequisite for the investigation of Rubisco’s catalysis, is the need for rapid methods that 
can isolate Rubisco in high purity. This chapter discusses the development of a fast 
purification protocol, by exploring the use of hydrophobic interaction chromatography (HIC), 
as a purification method for Rubisco. The chapter focuses on the discovery of hydrophobically 
distinct populations of Rubisco, which were isolated using the newly developed Rubisco HIC 
protocol. The work undertaken in this chapter was published in Plant Methods [109]. 
2.1. Introduction 
A prerequisite for the characterisation of the structure and function of Rubisco, along with 
investigations into its interactome, is the availability of fast purification methods for the 
isolation of Rubisco. Purification methods in the past have taken advantage of the enzyme’s 
negative net charge under physiological pH, which make it suitable for ion exchange 
chromatography [110-113]. The relatively high molecular weight of the hexadecameric 
holoenzyme has also made it an ideal candidate for size exclusion chromatography, and for 
sucrose gradient centrifugation [114-117]. In order to obtain highly pure Rubisco, many 
purification protocols employ differential ammonium sulphate ((NH4)2SO4) precipitations 
prior to ion exchange chromatography (IEC) [110, 111, 116]. For this reason, a number of the 
reported high purity Rubisco isolation protocols are lengthy, due to the need for dialysis or 
ultra-centrifugation to remove salt or sucrose prior to column purification, which leads to an 
increased risk of endoproteolytic activity on the homogenized leaf tissue [118]. Salvucci et al. 
reported a fast ion exchange protocol, allowing for highly purified Rubisco to be obtained in 
under an hour, however, in addition to the ion exchange protocol, the method also required 
chloroplast stromal preparations [112].  
Given the wide use and effectiveness of (NH4)2SO4 precipitation for Rubisco enrichment 
methods, it is surprising that hydrophobic interaction chromatography (HIC), which is based 
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on similar separation principles, has not yet been employed for the purification of form I 
Rubisco. HIC has been explored only once as a purification technique for form III Rubisco from 
recombinant A. fulgidu [119]. The protocol employed ion exchange chromatography (IEC), 
followed by size exclusion chromatography, before using HIC to obtain highly pure Rubisco. 
The potential use of HIC as a purification technique directly from plant extracts has not yet 
been explored.  
HIC exploits the interactions between hydrophobic regions on the surface of proteins and the 
hydrophobic stationary phase matrix of the column. In aqueous conditions, the interactions 
are too weak for surface groups on the protein to bind to the column, but in high salt 
conditions, the ordered network of the water molecules are reduced, allowing for 
hydrophobic interactions between surface groups on the protein and the matrix of the 
column. Samples are therefore loaded in high salt conditions, and proteins are separated by 
their increasing hydrophobicity, by decreasing the salt concentration of the mobile phase.  
The potential of HIC as an alternative to IEC, for the isolation of form I Rubisco, was explored 
in this chapter, as it is ideally suited as the proceeding step to the commonly employed 
(NH4)2SO4 precipitation in Rubisco purification protocols [120]. Employing (NH4)2SO4 in 
purification protocols may also have the added benefit of removing endogenous inhibitors, 
since the presence of sulphate ions in Rubisco extraction buffers has been shown to remove 
and prevent the binding of inhibitors such as 2 carboxy-D-arabinitol 1-phosphate (CA1P) [45, 
121]. (NH4)2SO4 precipitation results in samples with high salt content, which require dialysis, 
desalting or dilution prior to the subsequent IEC purification step. In contrast, HIC can exploit 
the high salt content of the (NH4)2SO4 precipitate, therefore avoiding any further dilution or 
desalting steps. HIC, like IEC, offers the added advantage of being able to bind proteins from 
large sample volumes, which is in contrast to gel filtration chromatography and sucrose 
gradient centrifugation, often employed in addition to IEC [111, 116]. 
2.2. Results and Discussion 
Rubisco from Spinacia oleracea (S. oleracea, Spinach) was used to verify the HIC protocol, due 
to its extensive characterisation within literature. The HIC method was also employed to 
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purify Rubisco from another species, the so far uncharacterised Rubisco from Brassica 
oleracea (B. oleracea, Cabbage). 
2.2.1. Ammonium sulphate precipitation 
In order to test the suitability of HIC, lysed samples from both S. oleracea and B. oleracea 
were subjected to (NH4)2SO4 precipitation. The extraction buffer contained 5mM DTT to 
prevent oxidative damage to cysteine residues, and a protease inhibitor cocktail (see methods 
section 2.4.1) to reduce proteolytic damage. The majority of Rubisco precipitated between 
35 and 60% saturation of (NH4)2SO4 (Figure 2.1). This observation is in agreement with 
previous reports where (NH4)2SO4 precipitation has been employed to extract Rubisco from 
higher plant species, including S. oleracea and Arabidopsis [116, 122]. 
Figure 2.1: (A) Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel showing protein content in 
ammonium sulphate fractions from S. oleracea; Extracts were subjected to ammonium sulphate precipitation as described 
in material and methods. Samples were separated by SDS-PAGE and subsequently stained for protein. The position of 
Rubisco’s large (LS) and small (SS) subunits are indicated in the figure. 0.4 µg of sample was added per lane. (B) Western 
blot showing Rubisco content in ammonium sulphate fractions from S. oleracea. The relative intensities of the LS were 
calculated to be 0.85 ± 0.04 (CE), 0.89 ± 0.01(8000 x g), 0.92 ± 0.02 (35% SN), 0.55 ± 0.15 (35% pell) and 1 (60% pell). (C) 
SDS-PAGE gel showing protein content in ammonium sulphate fractions from B. oleracea; Extracts were subjected to 
ammonium sulphate precipitation as described in material and methods. Samples were separated by SDS-PAGE and 
subsequently stained for protein. The position of Rubisco’s large (LS) and small (SS) subunits are indicated in the figure. 
0.6 µg of sample was added per lane. (D) Western blot showing Rubisco content in ammonium sulphate fractions from B. 
oleracea. The relative intensities of the LS were calculated to be 0.83 ± 0.06 (CE), 0.85 ± 0.03 (8000 x g), 0.89 ± 0.06 (35% 
SN), 0.61 ± 0.12 (35% pellet) and 1 (60% pellet). 
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2.2.2. Hydrophobic interaction chromatography  
As HIC columns bind proteins at high salt concentration, the (NH4)2SO4 fraction containing 
Rubisco could be directly subjected to the HIC protocol. This is in contrast to other column 
purification protocols, where samples need to be desalted or diluted before further 
purification steps. In order to gain a highly reproducible method, which could also facilitate 
the potential use of syringe operated columns (which would allow for faster purification 
times), it was decided that bound proteins would be step-eluted. The advantages of 
performing a step elution over a gradient elution, is that adequate time is allowed to elute all 
bound protein at given ammonium sulphate concentrations, which could provide the added 
benefit of isolating Rubisco of higher purity. 
Crude ammonium sulphate gradient, to determine concentrations to be used for step 
elution 
In order to obtain the concentrations of ammonium sulphate at which to perform a step 
elution, then a crude linear gradient was first performed. A typical UV trace of the HIC elution 
profile of loaded protein from S. oleracea extracts, using an ammonium sulphate gradient, is 
shown in Figure 2.2A. The UV trace of the crude linear gradient elution showed the presence 
of overlapping protein peaks (labelled 1, 2, and 3 in Figure 2.2A). 
The corresponding protein amount was calculated by use of the Bradford assay (from the 
eluted protein that was collected), and is shown in Figure 2.2B. The protein amounts correlate 
well with the UV trace, further supporting the observation that distinct protein peaks were 
being eluted. Surprisingly, Rubisco activity was observed in all fractions collected from 500 
mM to 0 M ammonium sulphate, suggesting that the distinct peaks could correspond to 
distinct Rubisco populations.  
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Figure 2.2: (A) HIC elution profile generated by 
loading the 60% (NH4)2SO4 pellet isolated from 
S. oleracea.onto a 5 mL HiTrap HIC column 
(phenyl). The column was washed and the 
protein eluted by subjecting the column to a 
gradient of 500 to 0 mM ammonium sulphate, 
over 70 mins, at a flow rate of 2.5 mL/min. The 
gradient used for the separation (red line) and 
the positions of the major absorption peaks 
obtained (labelled in black), by measuring OD 
at 280 nm (blue line), are shown. (B) The 
corresponding protein amount collected over 
the HIC gradient elution (calculated using a 
Bradford assay), and the position of the major 
protein peaks (shown in black) are shown. 
 
 
 
The concentrations of ammonium sulphate at which the distinct protein peaks were eluted in 
Figure 2.2A, are shown in Table 2.1. Using these values, an HIC step elution protocol was 
developed, with elution of bound proteins at 500 mM, 400 mM, 300 mM, 200 mM and 0 M 
ammonium sulphate. 
Table 2.1: The % of ammonium sulphate at which the UV peaks labelled in Figure 2.2 were eluted from the HIC column 
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HIC step elution revealed the presence of hydrophobically distinct Rubisco fractions 
A typical UV trace of the HIC step elution profile of loaded protein from S. oleracea extracts, 
was demonstrated in Figure 2.3A. It was noted that a substantial proportion of the loaded 
proteins either did not bind to the column, or were eluted in the 1 M (NH4)2SO4 wash step, or 
in the subsequent 500 mM step elution (see Table 2.2 for the HIC purification table of Rubisco 
from S. oleracea). Interestingly there were five prominent peaks, observed at 500 mM, 400 
mM, 300 mM, 200 mM and 0 M salt concentrations, all of which contained Rubisco (shown in 
the SDS-PAGE gel, Figure 2.3B, and confirmed by the presence of the large subunit in the 
western blot, Figure 2.3C). The UV trace of these step elution fractions revealed the presence 
of relatively broad peaks and tails, further supporting the use of step elution. 
Figure 2.3 (A) HIC elution profile generated by loading the 60% (NH4)2SO4 pellet isolated from S. oleracea; The ammonium 
sulphate pellet (60% pell; see Figure 2.1A) was loaded onto a 5 mL HiTrap HIC column, washed and eluted as described in 
the methods section 2.4.3. The gradient used for the separation (red line) and the positions of the major absorption peaks 
obtained by measuring OD at 280 nm (blue line) following the HIC elution profile is shown. Elutions were performed at 
500 mM, 400 mM, 300 mM, 200 mM, 0 M ammonium sulphate. (B) SDS-PAGE gel showing protein content from the 
different steps involved in the HIC purification protocol of Rubisco isolated from S. oleracea; Samples were separated by 
SDS-PAGE and subsequently stained for protein. The position of Rubisco’s large (LS) and small (SS) subunits are indicated 
in the figure. 0.6 µg of sample was added per lane. The purity of the Rubisco fractions were calculated as 65.2 ± 4.7 % (500 
mM), 91.9 ± 3.1 %, (400 mM), 92.6 ± 2.2 %, (300 mM), 90.2 ± 2.4 % (200 mM) and 76.6 ± 3.1 % (0 M). (C) Western blot 
showing Rubisco content from HIC purified S. oleracea Rubisco fractions; The relative intensities of the LS for the four high 
purity Rubisco fractions were 0.97 ± 0.03, (400 mM), 0.98 ± 0.02, (300 mM), 0.94 ± 0.04 (200 mM) and 0.84 ± 0.06 (0 M). 
The gels and western blot figures are representative of 3 sample sets. 
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Table 2.2: Purification table for S. oleracea.* not calculated for these samples. – Activity was too low to measure. a Calculations based on ‘cell extract’. b Calculations based on ‘load’. # KCAT 
calculated based on 8 active sites of Rubisco, with a total molecular weight of 550K g/mol. The data shown is representative of 3 sample sets. 
 
 
cell extract 21.96 ± 2.02 29.43 ± 3.20 1.34 ± 0.09 * * 1 100
8000 x g 19.55  ± 2.14 * * * * * *
35% SN 16.9  ± 1.71 * * * * * *
35% pellet 1.55  ± 0.72 * * * * * *
60% SN 4.3  ± 2.15 * * * * * *
60% pellet 12.3  ± 3.59 * * * * * *
load 9.35  ± 2.60 13.84 ± 4.04 1.48 ± 0.13 * * 1.10 ± 0.12 47.03 ± 14.65 a
flow through 1.2  ± 0.65 - - - - - -
1M wash 1.95  ± 0.91 - - - - - -
500 mM 2.3  ± 0.45 - - - - - -
400 mM 0.8  ± 0.12 1.70 ± 0.28 2.13 ± 0.16 2.31 ± 0.16 2.63 ± 0.20 1.59 ± 0.16 12.28 ± 4.02 b
300 mM 0.65  ± 0.08 1.32 ± 0.18 2.03 ± 0.11 2.20 ± 0.11 2.52 ± 0.14 1.51 ± 0.13 9.54 ± 3.00 b
200 mM 0.6  ± 0.08 1.30± 0.18 2.17 ± 0.07 2.35 ± 0.07 2.76 ± 0.10 1.62 ± 0.12 9.39 ± 3.03 b
0 M 0.6  ± 0.08 1.04 ± 0.14 1.73 ± 0.06 2.23 ± 0.06 2.59 ± 0.08 1.29 ± 0.10 7.51 ± 2.41 b
water 0.29  ± 0.11 - - - - - -
Purification 
(fold)
Activity yield 
(%)
sample
protein amount 
(mg)
total activity 
(umol.min-1)
Specific activity 
(umol.min-1.mg-1)
Specific activity     
(umol.min-1.mg Rubisco-1)
KCAT (s
-1)#
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The 500 mM Rubisco fraction had a relatively low purity of 65%, as calculated by analysis of 
SDS-PAGE gels (Figure 2.3B). In contrast, the 400 mM, 300 mM and 200 mM Rubisco fractions 
showed relatively high purities (between 90-93%) with the main impurity (as judged by 
densitometric scans of cooomassie stained gels, Figure 2.3B) present in all three fractions, 
being a ~41 kDa protein. The 200 mM fraction contained an additional ~26 kDa protein. The 
0 M Rubisco fraction had a purity of 77%, with the main impurities being proteins with 
molecular weights of ~45 kDa and ~26 kDa. 
The HIC method was also utilised to purify Rubisco from another species, B. oleracea, in order 
to investigate if the hydrophobically distinct Rubisco fraction were species specific. A typical 
UV trace of the HIC step elution profile of loaded protein from B. oleracea extracts was 
demonstrated in Figure 2.4A. Similar to that observed for S. oleracea extracts, a substantial 
proportion of the loaded proteins either did not bind to the column, or were eluted in the 1 
M (NH4)2SO4 wash step or in the subsequent 500 mM step elution (see Table 2.3 for the HIC 
purification table of B. oleracea).The 500 mM Rubisco fraction of B. oleracea had a relatively 
low purity of 59%, as calculated by analysis of SDS-PAGE gels (Figure 2.4B).  
Interestingly, the HIC fractions obtained from B. oleracea extracts revealed some species-
specific hydrophobic differences. While extracts from both species could be separated into 
fractions at 400 mM, 300 mM, 200 mM and 0 M salt concentrations, differences in the purity 
of these fractions were observed when compared with the results from S. oleracea. For 
example, the results from B. oleracea showed that the 300 mM, 200 mM and 0 mM HIC 
fractions had high purity (93-96%), with the 300 mM fraction also containing a ~39 kDa 
protein impurity. Interestingly the fraction that eluted at 400mM salt showed a lower purity 
of 82% (Figure 2.4B), with the main impurities being due to ~43 kDa and ~39 kDa proteins. 
This is in contrast to the results from S. oleracea, where the 0 M eluate was shown to have 
the lowest purity. 
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Figure 2.4 (A) HIC elution profile generated by loading the 60% (NH4)2SO4 pellet isolated from B. Oleracea; The ammonium 
sulphate pellet (60% pellet; see Figure 2.1B) was loaded onto a 5 ml HiTrap HIC column, washed and eluted as described 
in methods section 2.4.3. The gradient used for the separation (red line) and the positions of the major absorption peaks 
obtained by measuring OD at 280 nm (blue line) following the HIC elution profile is shown. Elutions were performed at 
500 mM, 400 mM, 300 mM, 200 mM, 0 M ammonium sulphate. (B) SDS-PAGE gel showing protein content from the 
different steps involved in the HIC purification protocol of Rubisco isolated from B. oleracea; Samples were separated by 
SDS-PAGE and subsequently stained for protein. The position of Rubisco’s large (LS) and small (SS) subunits are indicated 
in the figure. 0.6 µg of sample was added per lane. The purity of the Rubisco fractions were calculated as 59.2 ± 4.2 % (500 
mM), 82.3 ± 6.0 % (400 mM), 92.8 ± 1.3 % (300 mM), 96.1 ± 0.2 % (200 mM) and 95.2 ± 2.7 % (0 M). (C) Western blot 
showing Rubisco content from HIC purified B. oleracea Rubisco fractions; The relative intensities of the LS for the four high 
purity Rubisco fractions were calculated as 0.76 ± 0.11 (400 mM), 0.92 ± 0.07 (300 mM), 0.98 ± 0.02 (200 mM) and 0.97 ± 
0.06 (0 M). The gels and western blot figures are representative of 3 sample sets 
Taken together, the data demonstrates the suitability of HIC as a method for obtaining high 
purity Rubisco. Rubisco extracted from two species (S. oleracea and B. oleracea), could be 
purified to similar levels to those reported using a rapid fast protein liquid chromatography 
(FPLC) method, which obtained Rubisco from S. oleracea with 93% purity [112]. It is worth 
noting that no significant degradation products of the large Rubisco subunit could be 
observed in the HIC fractions (Figure 2.3C and Figure 2.4C), indicating that Rubisco was not 
subject to proteolytic damage throughout the purification described here.
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Table 2.3 Purification table for B. oleracea.* not calculated for these samples. – Activity was too low to measure. a Calculations based on ‘cell extract’. b Calculations based on ‘load’. # KCAT calculated based 
on 8 active sites of Rubisco, with a total molecular weight of 550K g/mol. The data shown is representative of 3 sample sets. 
sample
protein amount 
(mg)
total activity 
(umol.min-1)
Specific activity 
(umol.min-1.mg-1)
Specific activity    
(umol.min-1.mg Rubisco-1)
KCAT (s
-1)#
Purification 
(fold)
Activity yield 
(%)
cell extract 19.42 ± 3.51 12.62 ± 3.26   0.65 ± 0.12 * * 1 100
8000 x g 17.25 ± 0.43 * * * * * *
35% SN 17.14 ± 2.70 * * * * * *
35% pellet 2.11 ± 2.26 * * * * * *
60% SN 5.96 ± 1.33 * * * * * *
60% pellet 17.65 ± 3.19 * * * * * *
load 11.94 ± 1.99 8.60 ± 1.79 0.72 ± 0.09 * * 1.11 ± 0.25 68.15 ± 22.61 a
flow through 1.67 ± 0.78 - - - - - -
1M wash 1.88 ± 0.56 - - - - - -
500 mM 2.58 ± 0.39 - - - - - -
400 mM 0.47 ± 0.10 0.36 ± 0.09 0.77 ± 0.08 0.94 ± 0.08 1.09 ± 0.09 1.18 ± 0.25 4.19 ± 1.36 b
300 mM 0.59 ± 0.07 0.56 ± 0.10 0.95 ± 0.11 1.02 ± 0.11 1.17 ± 0.13 1.46 ± 0.32 6.51 ± 1.78 b
200 mM 0.54 ± 0.11 0.61 ± 0.13 1.13 ± 0.09 1.16 ± 0.09 1.34 ± 0.10 1.74 ± 0.35 7.09 ± 2.11 b
0 M 0.70 ± 0.15 0.81 ± 0.19 1.16 ± 0.10 1.21 ± 0.10 1.39 ± 0.11 1.78 ± 0.36 9.42 ± 2.95 b
water 0.38 ± 0.02 - - - - - -
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Probing for the presence of Rubisco activase 
The protein impurities (41 kDa and 45 kDa for S.oleracea, see Figure 2.3B) in some of the HIC 
fractions are of comparable molecular weight to the smaller and larger isoforms of Rubisco 
activase [123, 124], a protein that has been indicated to associate with Rubisco [46]. Although 
there is no available data on the molecular weights of Rubisco activase isoforms from B. 
oleracea, it was speculated that the protein impurities (39 kDa and 43 kDa, see Figure 2.4B) 
in these HIC fractions could be due to the presence of the smaller and larger isoforms of 
Rubisco activase. However, probing these fractions with antibodies against Rubisco activase 
did not support this notion in either species. 
Probing for the presence of β-carbonic anhydrase 
It was suspected that the 26 kDa protein present in the S. oleracea 200 mM and 0 M HIC 
fractions was β-carbonic anhydrase (β-CA), an enzyme that catalyses the interconversion of 
CO2/HCO3-, which has subunit molecular weights of 26 kDa in S. oleracea.  
The presence of β-CA could suggest that this enzyme is co-eluting with Rubisco in the 200 mM 
and the 0 M HIC fractions. However, due to the integral relationship between these two 
enzymes, the results may also suggest that the HIC protocol may allow for the purification of 
form I Rubisco, which is interacting with β-CA. This could potentially be very interesting to 
future interactome studies. However, β-CA antibodies could not be commercially sourced, 
and as such, the identity of 26 kDa protein impurity could not be confirmed.  
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2.2.3. Purification of Rubisco using potassium chloride as HIC salt 
To ensure that the hydrophobically distinct populations of Rubisco were not a result of the 
use of (NH4)2SO4 during the precipitation step or during HIC, crude extracts from S. oleracea 
were loaded straight onto the HIC column (omitting the (NH4)2SO4 precipitation step), 
followed by elution with potassium chloride KCl, instead of (NH4)2SO4, see Figure 2.5A. 
Figure 2.5: (A) HIC (using potassium chloride (KCl)) elution profile generated by loading cell extract isolated from S. 
oleracea;  The cell extract was loaded at 2M KCl onto a 5 ml HiTrap HIC column, washed and eluted as described in methods 
section 2.4.4. The gradient used for the separation (red line) and the positions of the major absorption peaks obtained by 
measuring OD at 280 nm (blue line) following the HIC elution profile is shown. Elutions were performed at 1.5 M, 1.0 M, 
0.6 M, 0.3 M and 0 M KCl. (B) SDS-PAGE gel showing protein content from the different steps involved in the HIC potassium 
chloride purification protocol of Rubisco isolated from S. oleracea; Samples were separated by SDS-PAGE and 
subsequently stained for protein. The position of Rubisco’s large (LS) and small (SS) subunits are indicated in the figure. 
0.4 µg of sample was added per lane. The purity of the CE sample was calculated as 68.2 ± 3.1 %, and HIC fraction containing 
Rubisco had purities of 86.4 ± 1.4 (1.5 M), 87.7 ± 2.1 % (1.0 M), 89.1 ± 1.7 % (0.6 M), 81.3 ± 3.0 % (0.3 M) and 70.1 ± 4.2 % 
(0 M). The gels are representative of 2 sample sets 
The difference in the elution profile between KCl and (NH4)2SO4 eluted proteins was not 
surprising, as different salts will have different hydrophobic interactions with the water 
molecules, the proteins, and the column matrix. However, despite the elution profile 
differences, hydrophobically distinct fractions of Rubisco were also observed under these 
conditions, suggesting that the different fractions of Rubisco are not a result of the use of 
(NH4)2SO4. The purity of the KCl eluted Rubisco fractions were lower than that of the 
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(NH4)2SO4 eluted fractions (Figure 2.5B), which is most likely due to the omission of the 
(NH4)2SO4 precipitation pre-step. 
2.2.4. Subjecting the 0 M HIC fraction to a second HIC protocol 
An additional experiment was designed, where the S. oleracea 0 M Rubisco fraction (isolated 
by the HIC protocol, Figure 2.6A) was subjected to a second round of the HIC protocol (Figure 
2.6B), to determine if the hydrophobically distinct fraction would retain its elution position.  
Figure 2.6: (A) HIC elution profile generated by loading the 60% (NH4)2SO4 pellet isolated from S. oleracea onto a 5 mL 
HiTrap HIC column. The column was washed and the protein eluted by subjecting the column to the HIC protocol (outlined 
in methods section 2.4.3). The gradient used for the separation (red line) and the positions of the major absorption peaks 
obtained by measuring OD at 280 nm (blue line) following the HIC elution profile is shown. Elutions were performed at 
500 mM, 400 mM, 300 mM, 200 mM and 0 M ammonium sulphate. (B) HIC elution profile generated by loading the 0 M 
fraction collected from the preceding HIC protocol onto a 5 mL HiTrap HIC column. The 0 M fraction from (A) was 
concentrated using a 30 kDa filter unit, and resuspended in HIC buffer. The column was washed and the protein eluted by 
subjecting the column to the HIC protocol (outlined in methods section 2.4.3). The gradient used for the separation (red 
line) and the positions of the major absorption peaks obtained by measuring OD at 280 nm (blue line) following the HIC 
elution profile is shown. Elutions were performed at 500 mM, 400 mM, 300 mM, 200 mM and 0 M ammonium sulphate.  
The UV trace from the second HIC protocol (Figure 2.6B) showed that the majority of the 
protein was recaptured in the second 0 M elution step, confirming that the protein peak 
retained its position in the second HIC protocol. From the initial HIC protocol, there is a fairly 
equal split of protein in each of the Rubisco containing fractions, however, when the 0 M 
fraction is subjected to a second round of HIC, 76.2 ± 1.24 % of the protein (as calculated by 
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Bradford assay) is eluted at 0 M ammonium sulphate. This suggests that the majority of the 
Rubisco elutes in its original hydrophobic conformation, indicating that the Rubisco fractions 
observed using HIC are indeed discrete populations of Rubisco. A small amount of protein was 
eluted at 400 mM, 300 mM and 200 mM ammonium sulphate, however only the 200 mM 
ammonium sulphate fraction contained detectable amounts of protein (as calculated by 
Bradford assay).The presence of protein at 200 mM ammonium sulphate could be due to 
insufficient elution of the 200 mM fraction in the first HIC protocol (despite every effort to 
elute until the UV trace returned to baseline). Alternatively, the presence of small amounts 
of protein could be due to the sample preparation that was carried out in order to subject the 
0 M fraction to a second round of HIC, which may have caused a redistribution of equilibriums.  
Why are hydrophobically distinct populations of Rubisco observed using HIC? 
At this stage, we can only speculate as to why we observe hydrophobically distinct 
populations of Rubisco in both species. Separation by HIC clearly implies that the Rubisco 
populations differ in their hydrophobicity, at least on the surface of the protein. As Rubisco is 
a hugely complex enzyme, HIC could potentially be separating Rubisco populations where one 
or more of the enzyme’s eight subunits might have undergone conformational changes, with 
the HIC fractions capturing the resulting populations generated through subunit 
heterogeneity. Alternatively, the difference in hydrophobicity could be due to protein – 
protein interactions (e.g. potentially with one of the impurities found in these fractions) or 
post-translational modifications. Furthermore, it could be possible that the distinct Rubisco 
fractions are capturing diverse holoenzyme populations of Rubisco, with differing 
combinations of small subunits (as the small subunits are encoded by a multigene family in 
the nuclear genome, and there are at least two known genes for S. oleracea [125]). As the 
small subunits provide structural stability [20], any difference in small subunit combinations 
could affect Rubisco’s hydrophobic character. Nevertheless, the distinct populations, and the 
protocol to obtain them, could lead to exciting developments in understanding structural and 
interactome studies of this vital enzyme. 
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2.2.5. Kinetic analysis of the HIC fractions from S. oleracea and B. oleracea 
extracts 
The observed elution profiles from S. oleracea and B. oleracea extracts imply that there are 
differences in the hydrophobic character of Rubisco eluted in these different fractions. To 
probe whether the difference in the hydrophobic character could influence Rubisco’s 
enzymological properties, the KM and VMAX values for the Rubisco containing fractions were 
determined. The Michaelis-Menten plot reveals that the 400 mM, 300 mM, 200 mM and 0 M 
Rubisco fraction, isolated using HIC, from S. oleracea (Figure 2.7A) had similar enzymological 
properties. The Michaelis-Menten plot revealed that the enzymological properties of the 300 
mM, 200 mM and 0 M HIC Rubisco containing fractions isolated from B. oleracea were similar 
(Figure 2.7B). In contrast, the Rubisco activity in the 400 mM HIC fraction from B. oleracea 
extracts had a significantly lower KCAT and a higher KM, as compared to the 200 mM and 0 M 
HIC fractions.  
Table 2.4: Summary of VMAX and KM values of the HIC purified Rubisco fraction from S. oleracea and B. oleracea extracts, 
obtained from Figure 2.7. 
The KCAT and KM(RuBP) values for Rubisco from S. oleracea (see Table 2.4) are in reasonable 
agreement with previously published data [112, 126]. As enzymological studies on Rubisco 
extracted from B. oleracea have not been previously reported, it was reported here for the 
first time, that B. oleracea Rubisco’s KCAT, although a factor of 2 lower than S. oleracea, are in 
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reasonable agreement with values obtained from some other C3 species (Table 2.4). The KCAT 
for Rubisco from Capsicum Chinese extracts was reported as 0.64 ± 0.04 s-1at 16 °C, 1.99 ± 
0.23 s-1 at 28 °C, and as 4.33 ± 1.60 s-1 at 40 °C, and if this is extrapolated to obtain the KCAT 
value at 25 °C (which is consistent with the temperature used in the Rubisco assay) then the 
KCAT could be calculated as 1.83 ± 0.40 s-1, which is within reasonable agreement to the KCAT 
values obtained for B. oleracea [126]. The KM (RuBP) values for B. oleracea (Table 2.4) are 2-3 
times higher than that for S. oleracea, but are again in reasonable agreement with some C3 
species, such as that reported by Yeoh et al. [126, 127]. 
There is a significant difference in sequence homology between Rubisco from S. oleracea and 
B. oleracea, 71.7% homology for the small subunits (gene name RBCS2 for S. oleracea, and 
gene name BRA034024 for B. oleracea) and 91.4% homology for the large subunits. It is 
therefore not unexpected that species specific differences in the HIC elution profiles and 
enzymological kinetics of Rubisco were observed. However, the presence of distinct 
hydrophobic populations of Rubisco in both S. oleracea and B. oleracea suggests this 
phenomenon is not species specific. 
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Figure 2.7: (A) Determination of the KM and VMax values for the substrate RuBP for Rubisco, S. oleracea HIC purified fractions; Average VMAX values obtained for the 400, 300, 200 and 0 mM HIC fractions 
were 2.31 ± 0.16, 2.20 ± 0.11, 2.35 ± 0.07 and 2.23 ± 0.07 µmol.min-1.mgRubisco-1, respectively. Average KM values obtained were 44 ± 11, 39 ± 7, 39 ± 4 and 45 ± 6 µM respectively. Kinetic calculations and 
curve-fitting was done using GraphPad Prism 6 software. Error bars shown are standard deviation with n=6 (three independent repeats, measured in duplicate). (B) Determination of the KM and VMax values 
for the substrate RuBP for Rubisco, B. oleracea HIC purified fractions; Average VMAX values obtained for the 400, 300, 200 and 0 mM HIC fractions were 0.94 ± 0.08, 1.02 ± 0.11, 1.16 ± 0.09 and 1.21 ± 0.10 
µmol.min-1.mgRubisco-1 respectively. Average KM values obtained were 147 ± 35, 92 ± 29, 83 ± 19 and 77 ± 19 µM respectively. Kinetic calculations and curve-fitting was done using GraphPad Prism 6 
software. Error bars shown are standard deviation with n=6 (three independent repeats, measured in duplicate). 
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2.2.6. Circular dichroism studies to probe structural differences in the 
Rubisco populations 
Circular dichroism (CD) can be a useful spectroscopic method to study conformational 
changes of proteins [128-130]. CD studies were carried out on the four HIC fractions derived 
from both S. oleracea and B. oleracea extracts, to probe the cause of the differences in the 
hydrophobicity of the samples (Figure 2.8A and Figure 2.8B respectively). For comparison, an 
IEC fraction of Rubisco from S. oleracea extracts was also analysed (Figure 2.9). Interestingly, 
each of the hydrophobically distinct fractions of Rubisco had similar values of molar ellipticites 
[ϴ] (~ -8000 deg cm2 dmol-1) and similar structures of the CD spectra, when compared to each 
other, to the IEC fraction, and with CD spectra of Rubisco previously reported in the literature 
[131, 132]. For comparison, maximum denaturation of the fractions was achieved by heating 
at 80 °C (shown in Figure 2.7A and Figure 2.7B), which caused a large drop in the molar 
ellipticities of the samples (≤ 2000 deg cm2 dmol-1), as well as a loss of structure in the spectra. 
This analysis demonstrates that there are no significant changes in the secondary structures 
of the Rubisco populations. 
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Figure 2.8: (A) Cirrcular dichroism spectra of S. oleracea Rubisco fractions purified using HIC; The 400 mM, 300 mM, 200 mM and 0 M HIC fractions were was run at 25°C and then at 80°C, at concentration 
between 0.15-0.25 mg/mL. Data are shown as an average molar ellipticity [ϴ] of 3 biological repeats. (B) Cirrcular dichroism spectra of B. oleracea. Rubisco fractions purified using HIC; The 400 mM, 300 
mM, 200 mM and 0 M Rubisco fractions were was run at 25°C and then at 80°C, at concentration between 0.15-0.25 mg/mL. Data are shown as an average molar ellipticity [ϴ] of 3 biological repeats. 
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Fractions purified using HIC or IEC showed similar CD spectra, suggesting that the Rubisco in 
the HIC fractions had the same structural integrity as the IEC purified Rubisco, with IEC being 
the current standard method for obtaining pure Rubisco [112]. The HIC method investigated 
here seems to produce pure Rubisco of comparable nature and quality. Furthermore, the CD 
experiments confirm that the heterogeneity of the Rubisco populations is not due to 
denaturation.  
Figure 2.9: Circular dichroism spectra of S. oleracea Rubisco purified using IEC; Rubisco purified using IEC was run at 25 °C 
at a concentration of 0.2 mg/ml. Data are shown as an average molar ellipticity [ϴ] of 3 biological repeats. 
 
2.3. Conclusions  
A rapid purification method (2-3 hours) has been developed, that for the first time, revealed 
hydrophobically distinct Rubisco populations. The results confirm that the HIC protocol 
outlined here, can be employed to obtain highly purified Rubisco from S. oleracea (Spinach), 
with kinetic properties in agreement with literature values from samples subjected to 
commonly employed purification protocols [112, 126]. The HIC method was utilised to purify 
Rubisco from another species, B. oleracea (Cabbage), revealing for the first time the kinetic 
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properties of Rubisco from this species, and confirming that the hydrophobic fractions seen 
were not species specific. 
Taking these findings together, it can be concluded that HIC is not only a valuable alternative 
purification method for form I Rubisco, but it also has the unique capability of being able to 
resolve distinct Rubisco populations. Since Rubisco isolated using HIC has similar values of 
purity and catalytic activity to that obtained using existing IEC purification methods, HIC has 
the potential to replace IEC, providing the additional benefit of avoiding high dilutions, dialysis 
and gel filtration chromatography. The HIC method is summarised in Figure 2.10, which also 
shows a typical Rubisco isolation and purification protocol taken from Salvucci et al. for 
comparison [112]. 
In addition, the ability to separate distinct Rubisco populations makes HIC a valuable method, 
which may be of particular importance for research into Rubisco’s structure and interactome, 
since conformational alterations could significantly impact upon these results.  
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Figure 2.10 Flow-chart outlining a comparison of HIC and IEC Rubisco purification protocols; A comparison is made 
between (A) a commonly employed IEC protocol reported by Salvucci et al. [112] and (B) the combined ammonium 
sulphate and HIC protocol reported in this thesis. 
2.4. Experimental and methods 
Chemicals for SDS-PAGE were obtained from Invitrogen. Instant Blue (Expedion) was used as 
a Coomassie staining agent. All other chemicals and enzymes were obtained from Sigma, 
except phosphoglycerate kinase (PGK) which was given as a gift from Lok Hang Mak. For 
homogenization of plant material, a Kenwood blender was used. Centrifugation was carried 
out in a Biofuge Primo R (Thermo Scientific). Purification was performed using an AKTA™ 
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design FPLC system. SDS-PAGE gels and western blots were documented using a Fujifilm LAS-
3000 Imaging System. The purity of the gels were determined using Image J software. Rubisco 
activity assays were performed on a Thermo Scientific Varioskan Flash Multimode reader.   
The protease inhibitor cocktail for plants (purchased from Sigma) contained: 4-(2-aminoethyl) 
benzenesulfonyl fluoride hydrochloride (AEBSF) to inhibit serine proteases, leupeptin to 
inhibit serine and cysteine proteases, E-64 to also inhibits cysteine proteases, bestatin to 
inhibit aminpeptidases, pepstatin A to inhibit acid proteases and 1,10-phenanthroline to 
inhibit metalloproteases. 
2.4.1. Extraction of Rubisco from leaves 
Unless stated otherwise, all procedures were performed rapidly at 4 °C to maximize active 
enzyme recovery. The mid ribs of Spinach (S. oleracea) or Savoy Cabbage (B. oleracea) leaves 
were removed and the plant tissue was quickly frozen in liquid nitrogen and powdered in a 
mortar and pestle. 75 mL of extraction buffer (20 mM Hepes (pH 6.5) 5 mM MgCl2, 0.33 M 
sorbitol, 0.2 % (w/v) iso-ascorbic acid, 5 mM dithiothreitol (DTT), 0.75 mL of plant protease 
inhibitor cocktail) was added to 15 g of plant tissue, and homogenization and cell lysis carried 
out in a blender using 20 - 30 pulses, of approximately 1-2 second duration. The homogenate 
was filtered through two layers of Miracloth (Calbiochem) followed by centrifugation for 30 
min at 3000 x g to remove intact cells and debris, and the cell extract (CE) was further 
centrifuged for 10 min at 8000 x g. The supernatant (SN) was subjected to (NH4)2SO4 
precipitation.  
2.4.2. Ammonium sulphate precipitation 
Two rounds of (NH4)2SO4 precipitation were performed at 35 and 60 % saturation. In each 
case, solid (NH4)2SO4 was added to the desired percentage of saturation and the solution was 
stirred and left to equilibrate for 20 min. The precipitate was collected by centrifugation for 
10 min at 10000 x g. The supernatant of the 35 % saturation was subjected to the next round 
of precipitation. Protein pellets after 60% (NH4)2SO4 saturation, may be stored at 4 °C for 2 
days. 
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2.4.3. Hydrophobic interaction chromatography using ammonium sulphate 
Purification was performed with a flow rate of 4 mL/min using a 5mL HiTrap™ Phenyl 
Sepharose 6 FF (high sub) column (GE Healthcare). Buffers were filtered before use through 
0.45 μm filters. (NH4)2SO4 pellets were resuspended in 20 mL HIC buffer (50 mM Tris-HCl (pH 
7.6, KOH), 20 mM MgCl2, 20 mM NaHCO3, 0.2 mM EDTA, 2 mM DTT) containing 1 M (NH4)2SO4, 
equilibrated and filtered through a 0.45 µm filter to prevent clogging of the column. After 
washing the HIC column with 25 mL HIC buffer, the column was equilibrated with 25 mL HIC 
buffer (containing 1 M (NH4)2SO4), and then the sample was loaded. After washing the column 
with HIC buffer (containing 1M (NH4)2SO4), a series of step elutions were performed at 
(NH4)2SO4 concentrations of 500, 400, 300, 200 and 0 mM (the column was washed between 
each elution step until the UV absorbance returned to baseline). Elution peaks were collected 
and desalted using 30 kDa filter units (washed 4 times with HIC buffer at 5000 x g for 10 mins), 
and the subsequent samples were analysed by SDS-PAGE, Western blot, and for Rubisco 
activity (for protocols, see below). Protein concentrations were determined by Bradford assay 
[133]. 
2.4.4. Hydrophobic interaction chromatography using potassium chloride 
Purification was performed with a flow rate of 4 mL/min using a 5 mL HiTrap™ Phenyl 
Sepharose 6 FF (high sub) column (GE Healthcare). Buffers were filtered before use through 
0.45 μm filters. Crude extract samples were filtered through a 0.45 µm filter to prevent 
clogging of the column. After washing the HIC column with 25 ml HIC buffer, the column was 
equilibrated with 25 mL HIC (containing 2 M KCl), and then the sample was loaded. After 
washing the column with HIC buffer containing 2 M KCl, a series of step elutions were 
performed at KCl concentrations of 1.5 M, 1.0 M, 0.6 M, 0.3 M and 0 M (the column was 
washed between each elution step until the UV absorbance returned to baseline). Elution 
peaks were collected and desalted using 30 kDa filter units (washed 4 times with HIC buffer 
at 5000 x g for 10 mins), and analysed for Rubisco activity. Protein concentrations were 
determined by Bradford assay. 
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2.4.5. SDS polyacrylamide gel electrophoresis (SDS-PAGE) 
SDS-PAGE was performed in NuPage® Bis-Tris 4-12% gradient gels (Invitrogen) according to 
the manufacturer’s protocol [134]. Staining was carried with InstantBlue Coomassie stain. 
2.4.6. Western blots 
After SDS-PAGE, the gel was equilibrated in 4 °C Transfer buffer (Tris 25 mM, Glycine 192 mM, 
methanol reagent grade 20% (v/v)) for 15 mins. Immunoblotting using a Criterion™ Blotter 
Cell (Bio-rad) was carried out at 70 V for 90 minutes using a Bio-rad Powerpac® 1000. After 
blotting, the nitrocellulose membrane was washed twice in TBST pH 7.5 (Tris 50 mM, NaCl 
150 mM , Tween 20, 0.05% (v/v)) at room temperature on an orbital shaker, and followed by 
washing with Blocking solution (2% (w/v) milk powder dissolved in TBST) for 2 hours at room 
temperature. The membrane was incubated with primary Antibody Solution for Rubisco 
(rabbit anti-RbcL (Agrisera) dissolved in 0.5% Blocking Solution at 1:5000), or for Rubisco 
activase (rabbit anti-RA (Agrisera) dissolved in 0.5% Blocking Solution at 1:10000), overnight 
at 4 °C, followed by 5 washes with TBST, for 3 minutes each. The membrane was incubated 
with secondary Antibody Solution (donkey anti-rabbit IgG (H&L) HRP conjugated (Agrisera) 
dissolved in 0.5 % Blocking Solution at 1:10000) for 2 hours, after which, the membrane was 
washed 3 times at 10 minute intervals with TBST. Lumi-Light substrate (Roche) was mixed 
with the membrane for 5 minutes and then the membrane was quickly imaged.  
2.4.7. Rubisco activity assay 
Rubisco carboxylase activity was determined using a non-radioactive microplate-based assay, 
which determines the product [(3-phosphoglycerate (3-PGA)] in an enzymic cycle between 
glycerol-3-phospahte dehydrogenase and glycerol-3-phospate oxidase, adapted from Sulpice 
et al. [135], see Chapter 3 for details of assay optimisation. The assay was monitored through 
the oxidation of nicotinamide adenine dinucleotide (NADH) by optical density measurements 
at 340 nm at 25 °C. 15 µL of Rubisco (final concentration of 0.02 mg/mL) was added to the 
initial buffer for activation (containing 100 mM tricine (pH 8.0, KOH), 20 mM MgCl2, 2 mM 
EDTA and 10 mM NaHCO3), to give a total volume of 30 µL. While incubating the sample for 
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15 mins at room temperature, 15 µL of different concentrations of RuBP (giving final 
concentrations of 10 µM to 500 µM) was pipetted into a 96 well plate. The Rubisco/initial 
buffer mixture was then added to the wells (giving a total volume of 45 µL) and allowed to 
react for 60 seconds, after which, 15 µL of absolute ethanol was added to stop the reaction. 
To minimise the amount of assay enzymes used, 20 µL of the assay mixture was added to a 
384 well plate (after 5 mins of reaction with ethanol), and 20 µL of determination buffer was 
added to start the reaction [final concentrations in 40 µL were: 1.875 units/mL 
phosphoglycerate kinase (PGK), 3 units/mL glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), 2.5 units/mL α-glycerol-3-phosphate dehydrogenase/triose-P isomerase (G3PDH-
TPI),  100 units/mL glycerol-3-phosphate oxidase (G3P-OX), 700 units/mL catalase, 3 mM ATP, 
0.5 mM NADH, 11 mM MgCl2 (1+10 mM carryover from Part(1), see Chapter 3), 60 mM tricine 
(pH 8.0, KOH)]. The rates of reaction were calculated as the decrease of the absorbance in 
OD.min-1 and converted to µmol by use of a 3-phosphoglyceric acid (3PGA) calibration curve.  
2.4.8. Circular dichroism  
CD spectra were measured using a JASCO-715 Circular Dichroism Spectropolarimeter, with 
the use of JASCO PTS-604T Temperature Controller, to regulate the temperature. Samples 
were allowed to incubate at 25 °C and 80 °C for 10 minutes before CD measurements were 
taken. Molecular ellipticities [ϴ] are reported, using an average molecular weight of 560 KDa 
for Rubisco, and a path length of 0.1 cm. Sampleswere prepared in HIC buffer at protein 
concentrations between 0.15-0.25 mg/ml. The IEC Rubisco fraction was prepared as 
described below.  
2.4.9. Ion exchange chromatography  
Purification was performed with a flow rate of 3 mL/min using 5mL HiTrap™ Q HP column (GE 
Healthcare). Buffers were filtered before use through 0.45 µm filters. (NH4)2SO4 pellets were 
resuspended in IEC buffer (25 mM Tris-HCl (pH 7.6, KOH), 10 mM MgCl2, 10 mM NaHCO3, 0.1 
mM EDTA, 2 mM DTT) and filtered through a 0.45 µm filter to prevent clogging of the column. 
After washing the IEC column with 25 ml IEC buffer containing 1 M KCl, the column was 
equilibrated with 25 ml of IEC buffer, and then the sample was loaded. After washing the 
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column with IEC buffer, the sample was eluted over a linear gradient from 0 to 0.5 M KCl, over 
a 90 minute period. Rubisco is known to elute between ~ 0.30-0.35 M KCl.  
The Rubisco peak was collected and desalted using 30 kDa filter units (washed 4 times with 
HIC buffer at 5000 x g for 10 mins). Protein concentrations were determined by Bradford 
assay. 
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CHAPTER 3: 
 
 
 
The optimisation and development of a 
384-well plate, spectrophotometric 
Rubisco assay 
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3. The optimisation and development of a 384-well plate, 
spectrophotometric Rubisco assay.  
As this thesis aims to determine the effect of the synthesised chemical mimetics (see Chapter 
4) on Rubisco activity, then a sensitive, fast and high-throughput Rubisco assay needed to be 
firstly optimised. This Chapter discusses the optimisation and development of a 384-well plate 
spectroscopic Rubisco assay, as a robust platform to test the efficacy of chemical mimetics on 
the activity of Rubisco. 
3.1. Introduction 
The carboxylation activity of Rubisco is predominately measured by radioisotopic or 
spectroscopic assays. Anion exchange chromatography [122] and thin layer chromatography 
[136] have also been utilised to determine the activity of Rubisco by measuring 3PGA 
production, the product of the Rubisco catalysed reaction between CO2 and RuBP, but these 
two methods are laborious, slow and insensitive, in comparison to radioisotopic or 
spectroscopic assays [135, 137]. The radioisotopic assay introduces radiolabelled 14C into the 
assay in the form NaH14CO3, and measures the formation of 14C labeled 3PGA. The reaction is 
stopped after a short time by formic acid, and the radiolabelled 3PGA is subsequently counted 
by 14C liquid scintillation [138-140]. Radiolabelled Rubisco assays are carried out over a 
relatively fast time scale (usually in the range of 10-60 secs), as it has been reported that with 
increasing time, inhibitory compounds bind to Rubisco (such as other sugar phosphates and 
the degradation products of RuBP), causing ‘fall-over’ of activity [141]. The reaction times of 
the radioisotopic assay are fast enough to avoid ‘fall-over’, but the drawback of this method 
is the high cost, the production of radioactive waste, and the need for specialised equipment. 
Another disadvantage of this radioisotopic assay is that there are several steps involved in 
order to determine the enzymes activity, such as the need for removal of background carbon 
(to avoid isotopic dilution) and drying of samples. Many laboratories do not have access to 
radioactive set ups, and as such, many spectroscopic assays have been developed to 
overcome this [135, 142, 143]. 
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One of the earliest spectrophotometric Rubisco assays was developed by Racker [143], 
measuring the activity of Rubisco via an enzyme coupled, continuous assay, by monitoring the 
conversion of 3PGA to G3P, through the oxidation of NADH at 340 nm.  
Figure 3.1: Continuous spectrophotometric Rubisco assay developed by Racker [143]. The formation of G3P was monitored 
by the oxidation of NADH to NAD+ at 340 nm. [RuBP, ribulose 1,5-bisphosphate;3PGA, 3-phosphoglycerate; PGK, 
phosphoglycerokinase; BPGA, 1,3-biphosphoglycerate; GAPDH, glyceraldehyde phosphate dehydrogenase; GAP, 
glyceraldehyde 3-phosphate; DAP, dihydroxyacetone phosphate; TPI, triose-P isomerase; G3PDH, glycerol-3-phosphate 
dehydrogenase; G3P, glycerol 3-phosphate].  
For many years, the use of a spectrophotometric Rubisco assay was deemed inferior to 
radioisotopic assays, due to an initial lag phase between the carboxylation reaction of Rubisco 
and the oxidation of NADH, which was also reported for subsequent spectroscopic assays 
[142, 144]. It has since been reported that the lag time was due to an accumulation of 3PGA, 
as the equilibrium position of 3PGA to 1,3-biphosphoglycerate (BPGA) lies closer to the 
formation of 3PGA, therefore large ratios of substrate to product ([3PGA][ATP]/[BPGA][ADP]) 
are required to drive the reaction [145]. This lag time was removed by the addition of higher 
concentrations of the linked enzymes (phosphoglycerate kinase (PGK) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)), as well as larger amounts of MgCl2 to stabilise the 
higher enzyme concentrations [142]. The spectroscopic assay has also been in the past 
criticised for its long assay times, consequently reducing the accuracy of the Rubisco kinetic 
measurements due to ‘fall-over’. Sulpice et al. developed a new improved spectroscopic 
Rubisco assay, that allowed for the assay to be stopped after 30-60 seconds, therefore 
eliminating ‘fall-over’, and introduced an amplification cycle to allow for the sensitivity of 
activity measurements to equal that of the radioisotopic assays [135].  
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3.2. Results and discussion 
3.2.1. Preliminary validation data for spectrophotometric Rubisco assay 
The spectroscopic assay published by Sulpice et al. [135] was optimised for the experimental 
requirements of this project, due to its ease of use, speed, and the high throughput nature of 
the assay, see Figure 3.2. The first stage (Part (1), Figure 3.2) of the assay is the carboxylation 
reaction, involving the generation of 3PGA through the Rubisco catalysed reaction of CO2 and 
RuBP, which is stopped after a short time with absolute ethanol. These short assay times (30-
60 secs), allow for similar reaction times to that reported for the radioisotopic assay, and so 
‘fall over’ was eliminated. The second stage (Part (2), Figure 3.2) of the assay is a cascade of 
enzymatic reactions, in which 3PGA is ultimately converted to G3P, which can be monitored 
by the oxidation of NADH at 340 nm. The addition of G3POX (glycerol 3-phosphate oxidase), 
incorporated a cycling reaction, which amplified the NADH oxidation signal, allowing for 
smaller amounts of 3PGA to be detected, and ultimately increasing the sensitivity of Rubisco 
measurements. Catalase was added to the assay to convert any excess H2O2 (generated by 
G3POX catalysed reaction) into O2, to stop the inhibition of any enzymes within the assay. The 
signal was therefore monitored as the cumulative oxidation of NADH at 340 nm. 
Figure 3.2: Spectrophotometric, stopped, Rubisco assay reported by Sulpice et al. [135]. Part (1) The Rubisco catalysed 
carboxylation reaction, which is stopped after a short time with excess ethanol, and in which 2 molecule of 3-PGA are 
formed. Part (2). The cascade of reactions in which the formation of G3P was monitored by the oxidation of NADH to NAD+ 
at 340 nm. [RuBP, Ribulose 1,5-bisphosphate; 3-PGA, 3-phosphoglycerate; PGK, phosphoglycerokinase; BPGA, 1,3-
biphosphoglycerate; GAP-DH, Glycerol aldehyde phosphate  dehydrogenase; GAP, glyceraldehyde 3-phosphate; DAP, 
dihydroxyacetone phosphate; TPI, triose-P isomerase; G3PDH, glycerol-3-phosphate dehydrogenase; G3P, glycerol 3-
phosphate; G3POX, G3P oxidase]. 
Following the method outlined by Suplice et al., preliminary calibration experiments (using 
known amounts of 3PGA), were carried out to determine the sensitivity of the reaction, 
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however the assay was shown to be ~ 100 fold less sensitive than the values reported by 
Sulpice et al. [135]. Furthermore, preliminary studies of Rubisco’s kinetics revealed that the 
VMAX and KM values for this enzyme were not in line with previously published Rubisco 
enzymological properties [126]. A series of experiments were designed in order to understand 
why the assay was reporting inconsistent values to that previously reported.  
3.2.2. An investigation into the amplification cycle of the Rubisco assay 
Part (2) of the reaction (outlined in Figure 3.2) is stoichiometric from 3PGA to glyceraldehyde 
3-phosphate (GAP), resulting in the oxidation of 1 mol of NADH per 1 mol of 3PGA. The 
conversion of GAP to G3P, however, is not stoichiometric, as the cycling reaction amplifies 
the signal. It is therefore very likely that the large decrease in sensitivity (100 fold) was due to 
a problem with the amplification of the NADH signal. To test this hypothesis, a comparison of 
the rates when using 3PGA (black box, Figure 3.3A) and GAP (red box, Figure 3.3A) as starting 
substrates, was investigated. 
The use of GAP as the starting substrate allowed for the elimination of the stoichiometric 
oxidation of NADH. A direct comparison of the rate of the assay when using 3PGA and GAP as 
starting substrates showed a ~ 2-2.3 fold decrease in rate when starting the reaction with GAP 
(Figure 3.3B). The introduction of a cycling reaction should make the contribution to the signal 
from the stoichiometric oxidation of NADH (green box, Figure 3.3A) almost negligible, in 
comparison to the second ‘amplified’ NADH signal (blue box, Figure 3.3A). Therefore, as a 
decrease of 2-2.3 fold in activity was observed when the stoichiometric NADH oxidation was 
removed, then it suggests there is little to no amplification of the second NADH signal.  
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Figure 3.3: Investigating the amplification of the NADH oxidation signal by testing the rate of the reaction when starting 
from 3PGA vs GAP. A) Schematic showing Part (2) of the Rubisco assay, when starting from 3PGA (black box), and from 
GAP (red box). The stoichiometrc oxidation of NADH is represented in the green box, and the amplified NADH signal is 
represented in the blue box. B) The rate of the reaction when starting from 3PGA or GAP. The concentration of GAP or 
3PGA was 5, 10 and 20 nmol, and the concentration of all other enzymes and substrates are shown in the methods section 
3.4.1. Error bars shown are standard deviation with n=4 (two independent repeats, measured in duplicate). 
To further test this hypothesis, a comparison of the rate of the reaction, with and without the 
amplification cycle, was tested (see Figure 3.4). The removal of G3POX from the assay allowed 
for the elimination of the amplification cycle, making the assay stoichiometric (1 mol of GAP 
to form 1 mol of G3P). 
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Figure 3.4: Investigating the amplification of the NADH oxidation signal by testing the rate of the reaction with and without 
G3POX. GAP was used as the starting substrate A) Schematic showing Part (2) of the Rubisco assay, when starting from 
GAP, with the addition of G3POX (red box), and without G3POX (red box minus blue box) B) The rate of the reaction when 
starting from GAP, with and without G3POX. The concentration of GAP was 5, 10 and 20 nmol, and the concentration of 
all other enzymes and substrates are shown in the methods section 3.4.2. Error bars shown are standard deviation with 
n=4 (two independent repeats, measured in duplicate).  
The results showed that the rate of the reaction with G3POX was higher than the rate of the 
reaction when G3POX was eliminated from the reaction. However, the change in rate (with 
and without G3POX) was only 1.3 fold (when using 20 nmol GAP) and 2 fold (when using 5 
nmol GAP), highlighting that the amplification cycle was not functioning correctly. It would 
have been expected that the introduction of the cycling reaction would have enhanced the 
NADH signal by orders of magnitude.  
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3.2.3. Optimisation of substrate and enzyme concentrations of Part (2) of the 
Rubisco assay 
It is clear that the amplification of the signal was not working as previously reported, in part 
due to the limiting concentrations of G3POX, and potentially also due to the concentrations 
of other substrates and enzymes within Part (2) of the assay being sub-optimal.  
The optimal concentration of G3POX was firstly investigated (Figure 3.5), and the results 
showed that concentrations greater than 80 units/mL were needed for maximal activity, and 
to ensure G3POX was in excess. An optimal concentration of 100 units/mL was selected for 
future Rubisco assays, which was a 100 fold increase in concentration from that reported in 
the published protocol by Sulpice et al. (see Table 3.1 for comparison) [135]. 
Figure 3.5: Investigating the optimal concentration of G3POX by testing Part (2) of the Rubisco assay. The assay was started 
using 0.25 nmol of 3PGA. Please see methods section 3.4.3 for full protocol. Error bars shown are standard deviation with 
n = 4 (two independent repeats, measured in duplicate). 
As G3POX was commercially sourced, then it could be likely that the increase in amount of 
G3POX needed, could be due to lower purity or activity of the enzyme, in comparison to that 
used by Sulpice et al. Once the optimal concentration of G3POX was selected, all of the other 
enzymes and substrates within Part (2) of the cascade were investigated for their optimum 
concentrations (Figure 3.6), to ensure that none of the enzymes or substrates were limiting, 
especially after such a large increase in G3POX concentration.  
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The enzymes were tested in order of the reaction steps within the assay, and so PGK, being 
the first enzyme in the cascade, was optimised first. Given that ATP is a co-substrate for PGK, 
(for the phosphorylation of 3PGA to produce BPGA), then the testing for optimal 
concentrations of PGK and ATP were carried out in tangent, see Figure 3.6A and Figure 3.6B 
respectively. It was noted that concentrations of PGK needed for maximal activity were 
between 1.41 and 2.82 units/mL, and so an optimal concentration of 1.88 units/mL was 
chosen, which was ~ 2.6 fold less than that reported by Sulpice et al. (please see Table 3.1 for 
a comparison of concentrations). Once the optimal concentration of PGK was selected, the 
concentration range of ATP (1.5–4 mM) was investigated, (Figure 3.6B). An optimal 
concentration of 3 mM was selected, which is 6 fold higher to that reported by Sulpice et al. 
As stated above, the concentration of ATP is dependent on the concentration of PGK, and as 
such, the concentration of PGK was once again tested after the increase in ATP, with the 
results being similar to the values shown in Figure 3.6A. 
Next, the optimal concentration of GAPDH was investigated (Figure 3.6C), revealing that 
concentrations of 2.5-4 units/mL were needed for maximal activity, with an optimal 
concentration of 3 units/mL selected, which was a 6 fold increase in GAPDH concentration 
compared to the method reported by Sulpice et al. The optimal concentration of α-glycerol-
3-phosphate dehydrogenase/triose-P isomerase (G3PDH-TPI) was subsequently investigated, 
with results from Figure 3.6D demonstrating that concentrations of 2-3 units/mL were needed 
for maximal activity, and as such, an optimal concentration of 2.5 units/mL was chosen (which 
was a 5 fold increase in comparison to the method reported by Sulpice et al.). The final 
enzyme to be tested within the enzyme cascade was catalase (see Figure 3.6E), and an optimal 
concentration of 700 units/mL was chosen, as it was noted that the rate of the reaction 
seemed to decrease with concentrations ≥ 1000 units/mL. The optimal concentration of 
catalase selected represented a ~1.4 fold decrease to that previously reported, which may be 
surprising given the large increase in G3POX concentration, however, the results suggest that 
catalase is present in sufficient concentration to efficiently reduce the H2O2 that is generated 
by G3POX.  
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Figure 3.6: Optimisation of enzyme and substrate concentrations in Part (2) of the Rubisco assay. All experiments were carried out using 0.2 nmol 3PGA as the starting substrate, and the optimal 
concentration selected for experiment was carried over to the subsequent experiment (see methods section for enzyme and substrate concentrations for each experiment). Error bars shown are 
standard deviation with n = 4 (two independent repeats, measured in duplicate). A) The rate at different concentrations of PGK were measured (0.94, 1.41, 2.82, 4.23 and 5.92 units/mL). B) The rate 
at different concentrations of ATP were measured (0.5, 0.75, 1.5, 3 and 4 mM). C) The rate at different concentrations of GAPDH were measured (0.5, 1.5, 2.5, 4 and 4.5 units/mL). D) The rate at 
different concentrations of G3TPI-TPI were measured (0.5, 1, 2, 2.5 and 3 units/mL). E) The rate at different concentrations of catalase were measured (200, 400, 800, 1000 and 1200 units/mL). F) 
The rate at different concentrations of MgCl2 were tested (10, 10.5, 11.0, 11.25 and 11.5 mM- which included 10 mM carryover from Part (1) of assay). The optimal concentration of MgCl2 was carried 
out after each enzyme optimisation experiment, however, the results shown here is after the optimisation of PGK concentration, and the overall final optimisation of MgCl2 after all other substrates 
and enzymes had been optimised. The results from the two experiments were identical. Please see methods section 3.4.4 to 3.4.9 for full experimental details.
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As Mg2+ is essential for the catalytic reactions of many enzymes, then it was important to 
optimise this co-substrate in tangent with Mg2+ dependant enzymes within the cascade. For 
each enzyme, once an optimal concentration had been selected, the concentration of MgCl2 
was once again investigated, but no differences were observed to the optimal MgCl2 
concentration after changes in G3POX, GAPDH, G3PDH-TPI or catalase concentrations. 
However, after the reduction of PGK (-2.67 fold), it was shown that a slightly higher (2.44 fold) 
concentration of MgCl2 was needed for maximal activity in comparison to that reported by 
Sulpice et al., see Figure 3.6F. This increase in MgCl2 came from a carryover of 10 mM MgCl2 
from Part (1) of the Rubisco assay, and it was noted that when MgCl2 was omitted from the 
determination buffer, the rate of the reaction was shown to significantly drop (see Figure 
3.6F), despite having a final MgCl2 concentration of 10 mM (carried over from Part (1)). These 
findings suggest that at least 1 mM of Mg2+ is needed within the determination buffer, to help 
stabilise and/or activate the enzymes before catalysis is started. In the presence of 3PGA, PGK 
starts the reaction cascade through the phosphorylation of 3PGA to produce BPGA, which like 
most kinases, is known to be Mg2+ dependant [146]. It is therefore likely that Mg2+ is also 
needed in the determination buffer for phosphorylation of 3PGA (in the form of Mg-ATP). The 
concentration of Mg2+ shown in Figure 3.6F is the final concentration of Mg2+.  
The higher carryover from Part (1) of the Rubisco assay, in comparison to Sulpice et al., was 
due to the differences in dilution factors of the buffers. A comparison of the concentrations 
of enzymes and substrates needed for maximal activity, between the method reported within 
this thesis and the method reported by Sulpice et al., are shown in Table 3.1.  
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Table 3.1: A comparison of the final optimal concentrations of enzymes and substrates used for Part (2) of the Rubisco 
assay, with the final concentrations reported by Sulpice et al. [135]. All of the optimum concentrations were selected from 
the optimisation experiments shown in Figure 3.6. The carryover from Part (1) of the assay is reported for MgCl2. The 
difference in the carryover from the optimised method reported within this thesis, and from Sulpice et al methods, is due 
to a difference in dilution factors from Part (1) of the assay. 
After all of the enzymes and substrates had been optimised, the concentration for G3POX was 
once again tested, in order to understand if the large changes to the other 
enzymes/substrates within the cascade affected the amount of G3POX needed. The results 
were consistent with the concentration of G3POX calculated previously (100 units/mL, see 
Figure 3.5), concluding that all enzymes and substrates were in excess, and optimal for the 
conversion of 3PGA to G3P. 
3.2.4. Investigating the sensitivity of the Rubisco assay 
The sensitivity of the reaction was once again tested (see Figure 3.7), by use of a 3PGA 
calibration curve, and the results revealed that amounts of 0.005 nmol to 0.8 nmol 3PGA 
could be accurately detected by the assay, which was a factor of 3.2 more sensitive than the 
results shown by Sulpice et al.(where the lowest value of 3PGA tested was 0.016 nmol, and 
the highest being 0.25 nmol) [135].  
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Figure 3.7:  Graph representing, A) The calibration of 3PGA, and B) insert of A), showing the linearity at lower amounts of 
3PGA. See methods section 3.4.11. Error bars shown are standard deviation with n = 6 (three independent repeats, 
measured in duplicate). 
3.2.5. Investigating the effect of pH and temperature on the activity of 
G3POX, in order to reduce the final concentration of G3POX  
Different conditions (pH and temperature) were investigated in order to investigate if the 
amount of G3POX needed per assay could be reduced, in order to make the assay more cost 
effective. The reaction in Part (2) of the assay scheme is independent of the Rubisco catalysed 
reaction in Part (1), and so different pHs and temperatures would not affect the Rubisco 
catalysed reaction in Part (2).  
Figure 3.8: Investigating the effect of pH and temperature on the activity of G3POX. 0.25 nmol of 3PGA was added to the 
Rubisco assay, with a final G3POX concentration of 30 units/mL (all other enzyme and substrate concentrations were 
unchanged, and can be found in methods section 3.4.12 and 3.4.13. A) The pH of the determination buffer was investigated 
at 7.6, 7.8, 8.0 and 8.2. B) The determination buffer was incubated at 25, 28, 31, 34 and 37 °C, and measurements were 
also run at the respective temperatures. Error bars shown are standard deviation with n=4 (two independent repeats, 
measured in duplicate). 
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The optimum pH for G3POX was reported to be 7.5-8.0 [147], and therefore a similar range 
of pHs were investigated in order to understand if the rate could be increased by a change in 
pH, see Figure 3.8A. The concentration of G3POX was limited to 30 units/mL (which was in 
the linear range, as observed from Figure 3.5), as to be able to observe any change in the 
assay rate, due to changes in G3POX activity. No significant changes to the rate of the reaction 
were observed when investigating different pHs for Part (2) of the assay (from pH 7.6 to 8.0), 
but a small, but significant (p-value < 0.05), decrease in the reaction rate was observed at pH 
8.2, when compared to the rate at pH 7.6 and 7.8. There were no significant differences in 
the rates of the reaction from pH 8.0 to pH 7.6 or 7.8, which concluded that changing the pH 
of the determination buffer would not help to reduce the amount of G3POX used within the 
assay. 
The effect of temperature on G3POX’s activity was also investigated, see Figure 3.8B, as it was 
reported that the optimum temperature for G3POX was 37°C [148]. A range of temperatures 
(25-37 °C) for Part (2) of the assay were investigated, and it was shown that a small, but 
significant (p-values < 0.05) increase (~12%) was observed when the temperature was 
increased from 25° to 37°C. However, at temperatures of 31-37 °C, the ethanol from the 
sample began to evaporate, resulting in large errors between samples, due to the change in 
total volume (as can be observed from larger error bars at 31-37°C in Figure 3.8). The changes 
to the total volume of the assay reduced the accuracy of the assay, increasing the error 
between samples and repeats, and it was therefore decided that an increase in temperature 
would not be a viable solution to reduce G3POX concentrations.  
It was hypothesised that high concentrations of G3POX could be needed due to a low 
concentration of substrate, O2. Increasing the concentration of O2, or decreasing the 
concentration of H2O2, could increase the turnover of the G3POX catalysed reaction (GAP to 
DAP), and could reduce the amount of this enzyme needed. As discussed previously, catalase 
is added to the assay to reduce H2O2 concentrations, converting it to O2 and H2O, but as 
optimal concentrations of catalase had already been determined, then it can be assumed that 
concentrations of H2O2 are minimal. More O2 could be produced by the addition of H2O2 and 
catalase to the reaction mixture, but this was seen as a potentially disadvantageous step, as 
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it was seen that the addition of more catalase decreased the rate of the reaction, as was 
observed in Figure 3.6E.  
3.2.6. The development of a 384-well plate stopped, spectrophotometric 
Rubisco assay 
As the assay by Sulpice et al. was originally adapted for a 96-well plate with, a total assay 
volume of 160 µL, then it was decided to reduce the quantity of G3POX used, by reducing the 
assay volume, which would also allow for a more high-throughput assay. A total assay volume 
of 40 µL, when using a 384-well plate, was the smallest total volume that could be added to 
allow for thorough mixing of the substrates of Part (1) (20 µL) and Part (2) (20 µL) of the assay. 
As the protocol of the Rubisco assay requires the addition of different components at 
different time intervals, then reducing the volume to 40 µL would require the addition of small 
volumes of different reagents and substrates for Part (1) (the protocol required the addition 
of 5 µL of Rubisco, pre incubated with 5 µL of initial buffer for 15 mins, after which 5 µL of 
RuBP is added, which was then stopped after 60 sec with 5 µL ethanol). A large error in rate 
was observed when the assay was tested using these small volumes, as the 384-well plate did 
not allow for thorough mixing at such small volumes. It was therefore decided to scale up Part 
(1) of the Rubisco assay, performing this step in a 96-well plate, so that larger volumes could 
be added for the first stage of the reaction, see Figure 3.9A.  
Figure 3.9: The final procedure for 
the 384-well plate, stopped, 
spectroscopic Rubisco assay. A) The 
Rubisco catalysed reaction (Part (1)) 
was carried out in a 96-well plate, 
with 10 µL of Rubisco pre-incubated 
with 10µL of initial buffer (IB). After 
15mins, 10 µL of RuBP was added, 
and after 60 seconds, 10 µL of 
absolute ethanol (EtOH) was added 
to stop the reaction. B) Part (2) of 
the Rubisco assay was performed in 
a 384-well plate. 20 µL of Part (1) 
was transferred to the 384-well 
plate, and to that 20 µL of 
determination buffer was added to 
start the reaction. Please see the 
methods section 3.4.15 for a 
complete summary of the final 
concentrations of all enzymes or 
substrates. 
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Once all components of Part (1) were added, 20 µL of the total volume of Part (1) was 
transferred to a 384-well plate, to which 20 µL of determination buffer (containing the 
G3POX) was added, see Figure 3.9B. Scaling up Part (1) of the reaction allowed for small errors 
between repeats, and limited the volume of the final assay to 40 µL, allowing for the amount 
of G3POX to be reduced by a quarter. A calibration curve was performed on the newly 
developed 384-well plate assay, which showed no differences to the sensitivity or accuracy 
performed in the 96-well plate (see Figure 3.10).  
Figure 3.10: Comparison of 3PGA calibration curve for the 96-well plate spectroscopic assay, and the newly developed 
384-well plate assay. Error bars shown are standard deviation with n=6 (three independent repeats, measured in 
duplicate). 
3.2.7. Validation of Rubisco‘s enzymoloigcal properties by use of a 384-well 
plate stopped, spectrophotometric Rubisco assay  
Once the sensitivity of the assay was validated, it was important to understand the ability of 
the assay to study Rubisco’s enzymological properties. The Michaelis-Menten values for 
Rubisco were therefore determined, see Figure 3.11.  
The results revealed a VMAX value of 2.52 ± 0.10 µmol RuBP.min-1.mg-1, and a KM(RuBP) value 
of 32.5 ± 3.9 µM for Rubisco isolated from S. oleracea extracts (and purified by anion exchange 
chromatography, see Chapter 2, section 2.4.9). The Michaelis-Menten values are in 
reasonable agreement with values reported previously for Rubisco [112, 126]. 
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Figure 3.11: Determination of the KM and VMax values for the substrate RuBP for S. oleracea Rubisco, using the newly 
developed 384-well plate spectroscopic Rubisco assay. Rubisco was purified by anion exchange chromatography (see 
Chapter 2 for purification protocol). Average VMAX = 2.52 ± 0.10 µmol.min-1.mg-1, and average KM = 32.5 ± 3.9 µM. Kinetic 
calculations and curve-fitting were done using GraphPad Prism 6 software. Error bars shown are standard deviation with 
n=6 (two independent repeats, measured in triplicate). 
3.3. Conclusions 
A rapid, high throughput 384-well plate spectrophotometric Rubisco assay was developed 
using a 96-well plate assay reported by Sulpice et al.[135] as a template. This improved assay 
delivered data that revealed comparable kinetic properties for Rubisco from S. oleracea to 
literature values [112, 126], but also provided a robust platform for testing the efficacy of CA 
mimetics on Rubisco’s activity due to its increased sensitivity.  
3.4. Experimental and Methods 
Rubisco was purified using ion exchange chromatography, (described in Chapter 2, section 
2.4.9). BRANDplates®384 µL pureGradeTM were used. All other chemicals and enzymes were 
obtained from Sigma, except phosphoglycerate kinase (PGK) which was given as a gift from 
Lok Hang Mak. All graphs were produced using GraphPad Prism 6. 
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All Rubisco assays were performed, unless specified, by incubation of all buffers at 25°C, and 
with the measurements also recorded at 25°C. 
3.4.1. Investigating the rate of the Rubisco assay by starting the reaction 
using 3PGA and GAP 
20 µL 3PGA/GAP and 20 µL of initial buffer were incubated for 15 mins, after which 20 µL of 
RuBP was added [final concentrations in 60 µL total volume were 500 µM RuBP, 0, 5, 10 and 
20 nmol 3PGA/GAP, and 100 mM tricine (pH 8.0/NaOH), 20 mM MgCl2, 2 mM EDTA and 10 
mM NaHCO3]. After 60 seconds, 20 µL of absolute ethanol was added to stop the reaction. 
After 5 mins 80 µL of determination buffer was added [final concentrations in 160 µL were 5 
units/mL phosphoglycerate kinase (PGK), 0.5 units/mL glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), 0.5 units/mL α-glycerol-3-phosphate dehydrogenase/triose-P 
isomerase (G3PDH-TPI), 1 units/mL glycerol-3-phosphate oxidase (G3POX), 1000 units/mL 
catalase, 0.5 mM ATP, 1 mM NADH, 11.5 mM MgCl2, 100 mM tricine (pH 8.0, NaOH)]. The 
rates of reaction were calculated as the maximum decrease of absorbance over time (OD.min-
1). 
3.4.2. Investigating the rate of the Rubisco assay with and without G3POX 
The assay was carried out as in section 3.4.1 unless stated otherwise.  
For testing with G3POX, assay condition were identical to above, except the assay was started 
using GAP [final concentrations of 0, 5, 10 and 20 nmol]. To investigate the rate without the 
addition of G3POX, all assay conditions were kept identical, expect for the removal of G3POX 
from the determination buffer, and the volume replaced with the buffer in which G3POX is 
suspended in (20 mM tricine, pH 8.0). 
3.4.3. Optimising the concentration of G3POX  
The assay was carried out as in section 3.4.1 unless stated otherwise. 3PGA was used as the 
starting substrate [final concentration of 1 nmol). All other concentrations were identical, 
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except for the addition of different concentrations of G3POX [final concentrations were 0, 5, 
15, 30, 50, 60, 80, 100 and 120 units/mL]. 
3.4.4. Optimising the concentration of PGK  
The assay was carried out as in section 3.4.1 unless stated otherwise. 3PGA was used as the 
starting substrate, with a final concentration of 1 nmol. The concentration of PGK was varied 
to give final concentrations of 0.94, 1.41, 2.82, 4.23, 5.92 units/mL. Final concentrations for 
determination buffer in 160 µL were 0.5 units/mL GAPDH, 0.5 units/mL G3PDH-TPI, 100 
units/mL G3POX, 1000 units/mL catalase, 0.5, 1 and 3 mM ATP, 1 mM NADH, 11.5 mM MgCl2, 
100 mM tricine (pH 8.0, NaOH)]. 
3.4.5. Optimising the concentration of ATP  
The assay was carried out as in section 3.4.1 unless stated otherwise. 3PGA was used as the 
starting substrate, with a final concentration of 1 nmol. The concentration of ATP was varied 
to give final concentrations of 0.5, 0.75, 1.5, 3 and 4 mM. Final concentrations for 
determination buffer in 160 µL were 1.88 units/mL PGK, 0.5 units/mL GAPDH, 0.5 units/mL 
G3PDH-TPI, 100 units/mL G3POX, 1000 units/mL catalase, 1 mM NADH, 11.5 mM MgCl2, 100 
mM tricine (pH 8.0, NaOH)]. 
3.4.6. Optimising the concentration of GAPDH  
The assay was carried out as in section 3.4.1 unless stated otherwise. 3PGA was used as the 
starting substrate, with a final concentration of 1 nmol. The concentration of GAPDH was 
varied to give final concentrations of 0.5, 1.5, 3, 4 and 4.5 units/mL. Final concentrations for 
determination buffer in 160 µL were 1.88 units/mL PGK, 0.5 units/mL G3PDH-TPI, 100 
units/mL G3POX, 1000 units/mL catalase, 3 mM ATP, 1 mM NADH, 11.5 mM MgCl2, 100 mM 
tricine (pH 8.0, NaOH)]. 
3.4.7. Optimising the concentration of G3PDH-TPI 
The assay was carried out as in section 3.4.1 unless stated otherwise. 3PGA was used as the 
starting substrate, with a final concentration of 1 nmol. The concentration of G3PDH-TPI was 
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varied to give final concentrations of 0.5, 1, 2, 2.5 and 3 units/mL. Final concentrations for 
determination buffer in 160 µL were 1.88 units/mL PGK, 3 units/mL GAPDH, 100 units/mL 
G3POX, 1000 units/mL catalase, 3 mM ATP, 1 mM NADH, 11.5 mM MgCl2, 100 mM tricine (pH 
8.0, NaOH)]. 
3.4.8. Optimising the concentration of catalse  
The assay was carried out as in section 3.4.1 unless stated otherwise. 3PGA was used as the 
starting substrate, with a final concentration of 1 nmol. The concentration of catalase was 
varied to give final concentrations of 200, 400, 800, 1000, 1200 units/mL. Final concentrations 
for determination buffer in 160 µL were 1.88 units/mL PGK, 3 units/mL GAPDH, 2.5 units/mL 
G3PDH-TPI, 100 units/mL G3POX, 3 mM ATP, 1 mM NADH, 11.5 mM MgCl2, 100 mM tricine 
(pH 8.0, NaOH)]. 
3.4.9. Optimising the concentration of Mg2+  
The assay was carried out as in section 3.4.1 unless stated otherwise. 3PGA was used as the 
starting substrate, with a final concentration of 1 nmol. The concentration of MgCl2 was varied 
to give final concentrations of 10.0, 10.5, 11.0, 11.25 and 11.5 mM (including the 10 mM 
carryover from Part (1)). Final concentrations for determination buffer in 160 µL were 1.88 
units/mL PGK, 3 units/mL GAPDH, 2.5 units/mL G3PDH-TPI, 100 units/mL G3POX, 700 
units/mL catalase, 3 mM ATP, 1 mM NADH, 100 mM tricine (pH 8.0, NaOH)]. 
3.4.10. Investigating the dependence of enzymes and substrates on the 
rate of the Rubisco assay 
Once all of the components of the Rubisco assay had been optimised, the concentrations of 
each of the components was once again checked by varying each component individually, 
while using final determination buffer concentrations to that reported in Table 3.1. 
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3.4.11. Testing the sensitivity of the Rubisco assay by use of a 3PGA 
calibration curve 
20 µL 3PGA and 20 µL of initial buffer were incubated for 15 mins, after which 20 µL of RuBP 
was added [final concentrations in 60 µL total volume were 500 µM RuBP, 0, 0.005, 0.01, 
0.025, 0.05, 0.1, 0.3, 0.6, 0.8 nmol 3PGA, and 100 mM tricine (pH 8.0/NaOH), 20 mM MgCl2, 
2 mM EDTA and 10 mM NaHCO3]. After 60 seconds, 20 µL of absolute ethanol was added to 
stop the reaction. After 5 mins 80 µL of determination buffer was added [final concentrations 
in 160 µL were 1.88 units/mL PGK, 3 units/mL GAPDH, 2.5 units/mL G3PDH-TPI, 100 units/mL 
G3POX, 700 units/mL catalase, 3 mM ATP, 1 mM NADH, 1 mM MgCl2, 60 mM tricine (pH 8.0, 
NaOH)]. The rates of reaction were calculated as the maximum decrease of absorbance over 
time (OD.min-1). 
3.4.12. Investigating the effect of pH on the activity of G3POX 
20 µL 3PGA and 20 µL of initial buffer were incubated for 15 mins, after which 20 µL of RuBP 
was added [final concentrations in 60 µL total volume were 0.25 nmol 3PGA, 500 µM RuBP, 
100 mM tricine (pH 8.0/NaOH), 20 mM MgCl2, 2 mM EDTA and 10 mM NaHCO3]. After 60 
seconds, 20 µL of absolute ethanol was added to stop the reaction. After 5 mins 80 µL of 
determination buffer was added [final concentrations in 160 µL were 1.88 units/mL PGK, 3 
units/mL GAPDH, 2.5 units/mL G3PDH-TPI, 40 units/mL G3POX, 700 units/mL catalase, 3 mM 
ATP, 1 mM NADH, 1 mM MgCl2, 60 mM tricine (pH 7.6, 7.8, 8.0 or 8.2, NaOH)]. The rates of 
reaction were calculated as the maximum decrease of absorbance over time (OD.min-1). 
3.4.13. Investigating the effect of temperature on the activity of G3POX 
20 µL 3PGA and 20 µL of initial buffer were incubated for 15 mins, after which 20 µL of RuBP 
was added [final concentrations in 60 µL total volume were 0.25 nmol 3PGA, 500 µM RuBP, 
100 mM tricine (pH 8.0/NaOH), 20 mM MgCl2, 2 mM EDTA and 10 mM NaHCO3]. After 60 
seconds, 20 µL of absolute ethanol was added to stop the reaction.  
After 5 mins 80 µL of determination buffer (incubated at either 25, 28, 31, 34 or 37°C ) was 
added [final concentrations in 160 µL were 1.88 units/mL PGK, 3 units/mL GAPDH, 2.5 
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units/mL G3PDH-TPI, 40 units/mL G3POX, 700 units/mL catalase, 3 mM ATP, 1 mM NADH, 1 
mM MgCl2, 60 mM tricine (pH 8.0, NaOH)].The rates of reaction were calculated as the 
maximum decrease of absorbance over time (OD.min-1) and run at either 25, 28, 31, 34 or 
37°C. 
3.4.14. 384-well plate 3PGA calibration curve.  
10 µL 3PGA and 10 µL of initial buffer were incubated for 15 mins in a 384-well plate, after 
which 10 µL of RuBP was added to start the reaction [Final amounts for 3PGA calibration curve 
in 30 µL total volume were 500 µM RuBP, 0, 0.005, 0.01, 0.025, 0.05, 0.1, 0.3, 0.6, 0.8 nmol 
3PGA, 100 mM tricine (pH 8.0/NaOH), 20 mM MgCl2, 2 mM EDTA and 10 mM NaHCO3]. After 
60 seconds, 10 µL of absolute ethanol was added to stop the reaction. After 5 mins 20 µL of 
the reaction mixture was transferred to a 384 well plate, and 20 µL of determination buffer 
was added [final concentrations in 40 µL were 1.88 units/mL PGK, 3 units/mL GAPDH, 2.5 
units/mL G3PDH-TPI, 100 units/mL G3POX, 700 units/mL catalase, 3 mM ATP, 1 mM NADH, 1 
mM MgCl2, 60 mM tricine (pH 8.0, NaOH)]. The rates of reaction were calculated as the 
maximum decrease of absorbance over time (OD.min-1). 
3.4.15. Validation of Rubisco‘s enzymoloigcal properties by use of a 
384-well plate stopped, spectroscopic Rubisco assay  
The enzymological properties of Rubisco were measured as follows: 10 µL Rubisco and 10 µL 
of initial buffer were incubated for 15 mins, after which 10 µL of RuBP was added [Final 
concentrations for Rubisco assay in 30 µL total volume were 0, 10, 20, 40, 80, 150, 300 and 
500 µM RuBP, 0.02 mg/mL Rubisco, 100 mM tricine (pH 8.0/NaOH), 20 mM MgCl2, 2 mM 
EDTA and 10 mM NaHCO3]. After 60 seconds, 10 µL of absolute ethanol was added to stop 
the reaction. After 5 mins, 20 µL of the reaction mixture was transferred to a 384-well plate, 
and 20 µL of determination buffer was added [final concentrations in 40 µL were 1.88 
units/mL PGK, 3 units/mL GAPDH, 2.5 units/mL G3PDH-TPI, 100 units/mL G3POX, 700 
units/mL catalase, 3 mM ATP, 1 mM NADH, 1 mM MgCl2, 60 mM tricine (pH 8.0, NaOH)]. The 
activity was calculated as µmol.min-1.mg-1.  
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4. The synthesis of a suite of carbonic anhydrase mimetics 
This chapter focuses on the synthesis of a suite of carbonic anhydrase (CA) mimetics, which 
will be investigated for their potential to alter CO2/HCO3- concentrations (discussed in Chapter 
5), and for their study in photosynthetic research (discussed in Chapter 7).  
4.1. Introduction 
4.1.1. CA and its role in nature  
CA is a zinc metalloenzyme that catalyses the interconversion  of CO2 and HCO3-, see Equation 
4.1 [59]. As discussed in Chapter 1, CA exists in 3 main forms (α-CA, β-CA, and γ-CA) based on 
amino acid homology [63]. For a more detailed summary of CA and its role in plants, please 
see Chapter 1, section 1.4.2. 
HCO3- +   H+               H2CO3  CO2  +   H2O 
Equation 4.1: Equation showing the reaction catalysed by carbonic anhydrase 
As discussed in Chapter 1, CA participates in a variety of biological processes, including 
respiration, metabolism, cell growth, and acid-base balance [65]. This has led to extensive 
research on the development of small metal-ligand complexes for the mimicry of the active 
site of this enzyme (reviewed in section 4.1.4), which has undoubtedly provided crucial 
understanding of the role that this important enzyme plays within human health and disease 
[104]. Furthermore, in the last few years, CA and CA mimetics have also gained popularity in 
the field of carbon capture and sequestration [105, 106].  
There have been, to date, no links between CA mimetics and the advantages that they could 
bring to photosynthetic research. Given the important role of CA within photosynthesis [60], 
and in particular, the role of CA within carboxysomes in cyanobacteria [68], then the use of 
CA mimetics to enhance stromal CO2 concentrations could be advantageous. The following 
chapters aim to understand if CA chemical mimetics could be used to alter the concentration 
of CO2 around Rubisco, and if so, could the changes in CO2 effect carbon fixation rates (see 
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Chapter 7). In order to design potential targets for photosynthetic research, it was important 
to firstly understand the structure and catalysis of the active site of CA. To date, only mimetics 
of α-CAs have been reported, and as such, this chapter will predominately focus on the 
structure and catalysis of α-CA. 
4.1.2. The active site of CA 
The zinc(II) ion in the active site of α-CA is in a tetrahedral geometry, bound to three 
histidines, (His94, His96 and His119), with a water or hydroxyl group (dependant on pH), 
taking up the fourth co-ordination position [65], see Figure 4.1. The active site is located in a 
large conical cavity that is ~15 Å wide and ~15 Å deep, with the zinc ion located at the bottom 
of the cavity. The binding cavity has a ‘hydrophobic pocket’, which facilitates the binding of 
CO2, and a hydrophilic face that enables proton shuttling (mainly by His64 [149]) in the first 
step of the catalytic reaction [59].  
 
Figure 4.1: The structure of the active site of α-CA, showing zinc(II) in a tetrahedral geometry, bound by three histidine 
groups (His), with water taking up the 4th coordination position.  
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4.1.3. Catalysis of CA 
A common feature of all CA isoforms (α-, β- and γ-), is the Zn(II) ion, which is involved in the 
catalytic mechanism [59, 150]. Although the active sites of the three isoforms differ in 
structure, the same two stage ping-pong mechanism for the hydration of CO2 has been 
suggested to be present in all three types of CAs [151]. The first step of the reaction is the 
deprotonation of a zinc bound water molecule to a hydroxide moiety, which is the reported 
rate limiting step of the hydration reaction [59]. The deprotonation of the water molecule 
occurs through a series of proton transfer steps, where an unbound histidine group (His64) 
helps to shuttle the proton to the buffer solution [152]. The next step of the reaction is the 
nucleophillic attack of the zinc bound OH- ion onto the carbon of a CO2 molecule, producing 
zinc bound bicarbonate, which is then subsequently displaced by a water molecule. The 
mechanism of this step of the reaction has been postulated by two different groups, Lindskog 
et al. [59] and Lipscomb et al. [153] (see Figure 4.2), however to date, the reaction mechanism 
has not been resolved.  
Figure 4.2: Catalytic reaction for α-carbonic anhydrase [152] a) Lipscomb proposed reaction scheme [153]. b) Lindskog 
proposed reaction scheme [59]. 
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The mechanism for the dehydration of HCO3- is less well understood, however, it is generally 
accepted that the mechanism is the reverse of the CO2 hydration reaction, where HCO3- 
displaces the labile H2O molecule, and where the rate limiting step is the protonation of the 
zinc bound hydroxide [154, 155]. The hydration reaction is therefore the predominant 
reaction above the pKa of the zinc bound water molecule, and the dehydration reaction 
predominates at pHs below the pKa of the zinc bound water molecule. The pKa of Zn-H2O for 
α-CA (II) was reported to be ~ 6.8 [59]. 
4.1.4. CA mimetics 
The aim of this project is to utilise CA mimetics to interconvert CO2/HCO3-, and to quantify the 
effect this may have on carbon fixation. Important characteristics to therefore consider when 
designing CA mimetics for the study in photosynthetic research, were identified as: 
 Water solubility: 
As the ultimate aim of this project is to investigate the effect of CA mimetics on 
photosynthetic yields, then a water soluble mimetic would be essential. However, in the early 
stages of this project, water solubility would make the practicalities of investigating catalytic 
rates and biological testing simpler.  
 The metal centre of the CA mimetic: 
CA chemical mimetics with zinc as the transition metal centre are well characterised, including 
Schiff bases [156-158], azamacrocycle [159-161], pyrazolylborate [162-167], and imidazoyl 
[168-172] ligands. Although zinc is the transition metal centre for the active site of native CA, 
copper [157, 173, 174], cobalt [157, 175, 176], and nickel [157, 173] CA mimetics have also 
been previously synthesised and their catalysis investigated. Catalytic CO2 hydration was 
reported for all three transition metal CA mimetics, but their activities were shown to be 
lower than their zinc derivatives. There has been little literature reporting the ability of Zn(II) 
mimetics to interconvert HCO3- to CO2 [159, 177], and there has been only one report of a 
nickel CA mimetic being investigated for its ability to catalyse the dehydration of HCO3- [178]. 
The ability of copper and cobalt CA mimetics to catalyse the dehydration of HCO3- has not yet 
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been investigated. It would be important to study the importance of the metal centre for 
interconversion of HCO3 to CO2.  
 The pKa of the water moiety bound to the metal centre:  
The ultimate aim of this project is to increase the concentration of CO2 around the active site 
of Rubisco. In order to achieve this, a CA mimetic which favours the dehydration of HCO3- at 
stromal pHs (which changes from pH 7 to 8 from night to day [179]), would allow for the 
release of CO2, which could be utilised in carbon fixation. As it has been hypothesised that the 
dehydration of HCO3- is favoured below the pKa of the zinc bound water molecule [154, 155], 
then CA mimetics with high pKa’s may be advantageous. The ligand design around the zinc 
metal centre could therefore be used to manipulate the pKa of the mimetics, allowing for a 
comparison of pKa values and HCO3- dehydration rates.  
With these characteristics in mind, a review of CA mimetics was undertaken in order to 
identify potential targets for study in photosynthetic research. 
A review of macrocyclic ligands as CA mimetics 
One of the earliest CA mimetics to be reported was Zn(II) [15]pydieneN4 (Zn.CR), see Figure 
4.3A [158]. Zn.CR differed from the structure of native CA, as the zinc ion was coordinated by 
4 nitrogen donors (cf. 3 nitrogen donor atoms for native CA (Figure 4.1)). The pKa of the zinc 
bound water moiety for this mimetic was comparably higher to that reported for native CA 
(8.6 c.f 6.8), which was suggested to be due to the higher coordination number at the zinc 
centre. It has been reported that the metal coordination environment influences the acidity 
of the metal centre, with increasing coordination number resulting in a decrease in the 
positive charge at the zinc centre. This reduces the acidity of the zinc ion, which in turn results 
in an increase in the pKa of the zinc bound water molecule [180]. The Cu(II), Ni(II) and Co(II) 
derivatives of this macrocycle ligand were also reported, however the Cu(II) and Ni(II) 
derivatives were shown to have octahedral coordination environments, with two water 
molecules bound to the metal centre [157]. Furthermore, titration studies revealed that the 
water molecule of the Cu(II) and Ni(II) derivatives could not promote ionisation until >pH 11, 
which was reported to be due to the higher coordination environment around these metal 
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centres [157]. The Co(II) complex’s geometry was found to be similar to the Zn(II) derivative, 
which was explained to be due to the similar coordination chemistry of Co(II) and Zn(II), as 
well as almost identical ionic radii when in a +2 oxidation states (88.5 pm c.f 88 pm for zinc) 
[157]. 
Zn.CR was reported as water insoluble, and so only basic CO2 hydration studies could be 
carried out using pH titrations [157], which although resulted in low catalytic rates, did reveal 
the potential of the zinc derivative complex as a catalytic mimetic. The activity for the Cu(II), 
Ni(II) and Cu(II) derivatives were not reported, leading us to assume that they were not carried 
out, or that there was little or no activity. A water soluble derivative of this ligand could be a 
very promising target for CO2 release, as the high pKa could facilitate HCO3- dehydration at 
physiological pH.  
Figure 4.3: Examples of CA mimetics A) Zn(II) [15]pydieneN4, B) Zn(II) [12]aneN3, C) Zn(II) [9]aneN3, D) Zn(II) [12]ane4, E) 
Zn(II) [14]ane4.  
Simple azamacrocycles have also been reported as CA mimetics, with Zn(II) 1,5,9 
triazacyclododecane (Zn(II) [12]aneN3) being the first thermodynamically and kinetically 
stable water soluble CA mimetic to be reported, see Figure 4.3B [159]. This mimetic was 
bound in tetrahedral geometry to three nitrogen donors and one water molecule, similar to 
the active site of native CA. The pKa value for the water bound zinc molecule was 7.4, which 
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was comparable to that of native CA [159]. Other simple Zn(II) azamacrocycle complexes; 
1,4,7-triazacyclononane ([9]aneN3, pKa 5.6, Figure 4.3C) [161]; 1,4,7,10-
tetraazacyclododecane ([12]aneN4, pKa 7.9, Figure 4.3D) [160]; and 1,4,8,11-
tetraazacyclotetradecane ([14]aneN4, pKa 9.8, Figure 4.3E) [161], have also been reported as 
water soluble CA mimetics, and a comparison of their catalytic rates has recently been 
reported [161]. The conclusions of this study revealed that tuning the catalytic efficiency of 
the azamacrocycle complexes for CO2 hydration was a balance between increasing the 
charge-donating character of the ligand, and keeping the pKa below the operating pH [161].  
A comparison of the dehydration rates for the azamacrocycles has not been fully carried out, 
which is likely due to the fact that it was hypothesised for some time that only the 
deprotonated (Zn-OH-) species was catalytically active, with CO2 hydration occurring through 
nucleophilic addition of the CO2 [159]. However, the rate for the dehydration of HCO3- has 
since been reported for Zn(II) [12]aneN4, and although the rate was reported to be 50 times 
lower than the rate of CO2 hydration, the study concluded that both the (Zn-OH2) and (Zn-
OH-) species were catalytically active for this azamacrocyle [160]. Due to the limited data on 
the dehydration reaction of the Zn(II) azamacrocycles (shown in Figure 4.3C-E), then it would 
be interesting to investigate how the differing pKa values for the Zn(II) bound water molecules 
could affect the rates of CO2 hydration and HCO3- dehydration.  
A review of Benzimadazolyl ligands as CA mimetics  
The water insoluble ligand, nitrilotris(2-benzimidazolylmethyl), [L1], has also been reported 
as a [L1.Zn(OH2)]2+ complex for the mimicry of native CA, see Figure 4.4A. The high catalytic 
CO2 hydration rates reported, has led to this mimetic being one of the most accurate 
structural and functional models of native CA [171, 175]. This CA mimetic reported 
[L1.Zn(HCO3)]+ as an intermediate in the catalytic hydration of CO2, confirming the catalytic 
function as comparable to native CA, however, the study reported problems with measuring 
the reaction kinetics of this complex due to its insolubility in aqueous solutions [171].  
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Due to the success of [L1.Zn(OH2)]2+ as a CA mimetic, Nakata et al. reported a water soluble 
model, based on the same ligand set, but with the addition of a charged sulphonate group on 
each benzimidazole ring [172]. The ligand nitrilotris(2-benzimidazolylmethyl-6-sulfonate) 
[LS1], was synthesised as the zinc complex [LS1.Zn(OH2)]-, Figure 4.4B. 
Figure 4.4: Diagram showing A) The [L1.Zn(OH2)]2+ mimetic [162, 175]; B) The water soluble [LS1.Zn(OH2)]- mimetic [172].  
Anionic groups, such as sulphonate groups, have in the past been reported to compete with 
the nitrogen donors on the imidazole ring to preferentially bind to the metal centre, however 
there was no evidence of this [172]. The water soluble [LS1.Zn(OH2)]- complex has been 
reported to have the highest catalytic turnover rate for the hydration of CO2 reported to date, 
however no rates for the dehydration of HCO3- were reported. The pKa value for the H2O 
molecule was reported to be 8.3, which is higher than the pK a reported for native CA [172]. 
As discussed previously, the pKa can be influenced by a decrease in positive charge at the zinc 
centre, which can be brought about by higher coordination environments, however, the 
published crystal structure of the water insoluble complex, [L1Zn(OH2)].(ClO4)2, reveals 
tridentate ligand binding, with water taking up the fourth coordination site.  
The higher pKa value (8.3) of the water bound Zn(II) centre could make this mimetic an 
interesting compound for further study, as at pHs below 8.3, this molecule would be 
predominantly protonated (Zn-OH2), and therefore the catalytic reaction may favour the 
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dehydration of HCO3-. It would be interesting to study the effect the metal centre may have 
on the rates of hydration and dehydration for this ligand.  
4.2. Outline of compounds to be synthesised 
Given the review of existing CA mimetics, and the desirable characteristics for the design of 
CA mimetics for use in photosynthetic research (outlined above), then a number of synthetic 
strategies were set out for this chapter: 
1. To investigate the importance of the metal centre for the speed and direction of the 
interconversion of CO2/HCO3-. Due to the water solubility, and the high catalytic 
activity of [LS1.Zn(OH2)]- (reviewed in 4.1.4, and shown Figure 4.4B), the Zn(II), Cu(II), 
Ni(II) and Co(II) derivatives of this complex will be synthesised, in order to gain further 
understanding of the importance of the metal centre for catalysis, and in particular to 
probe the HCO3- dehydration rates. 
2. To incorporate a water soluble moiety with more versatile functionality (cf. the 
sulphonate moiety) to the tripodal benzimidazole ligand. Although the aim of this 
thesis is to investigate the potential of CA mimetics to affect Rubisco’s activity using 
in vitro assays, there should also be a consideration of how the mimetics could be 
adapted in the future to i) enhance cell permeability, ii) aid visualisation during in vivo 
studies, and iii) target the chloroplast (i.e. by addition of targeting group). 
3. To synthesise a suite of water soluble azamacrocycles, differing in their Zn-H2O pKa 
values (by their different coordination environments and/or ligand design). This would 
allow an investigation into the importance of pKa on the direction and speed of the 
interconversion of CO2/HCO3-. As azamacrocycle complexes have been previously 
structurally characterised, then the existing knowledge of their chemistry will allow a 
better understanding of the chemical characteristics that control the intercoversion 
of HCO3- to CO2. 
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4.3. Results and Discussion 
4.3.1. Synthesis of Zn(II), Cu(II), Ni(II) and Co(II) nitrilotris(2-
benzimidizaolylmethyl-6-sulfonic acid) 
Water soluble nitrilotris(2-benzimidazolylmethyl-6-sulphonate), [LS1], was chosen as a model 
ligand to investigate how the metal ion, to which it is complexed, affects the CO2 hydration 
and HCO3- dehydrations rates (the zinc complex of this ligand was reviewed in section 4.1.4, 
Figure 4.4B). [LS1] was chosen due to the high catalytic rates exhibited for the zinc complex 
[172], and also due to the high water solubility of the ligand. Water solubility allows for easier 
handling during biological testing, but also minimises potential contaminating solvents, which 
could be harmful during in vitro studies. 
The first step in the synthesis of the water soluble metal complexes [MLS1] (where M= Zn(II), 
Cu(II), Ni(II) or Co(II)), was the synthesis of the ligand, [LS1]. 
Synthesis of 3,4-diaminobenzenesulphonate hydrochloride, (1) 
In order to synthesise [LS1], the 3,4-diaminobenzenesulphonate hydrochloride precursor, (1), 
was firstly formed from the reduction of sodium 3-nitro-4-aminobenzenesulphonate. The 
reaction could be easily monitored by an accompanied colour change of yellow to white, 
indicating the formation of the diaminobenzenesulphonate.  
Two different synthetic methods were investigated for the synthesis of (1). The reduction of 
(1) had been previously reported by Nakata et al., where tin(II) chloride dihydrate was used 
as a reducing agent, and where the protocol required the reaction to be stirred at a constant 
temperature of 0°C for 24 hours [172]. Following this method proved to be difficult, as it was 
hard to maintain the temperature at 0°C overnight. The inaccuracy of the temperature 
resulted in no noticeable colour change, with the resulting powder yellow in colour, indicating 
an unsuccessful reaction.  
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Scheme 4.1 Reaction scheme for the synthesis of 3,4-diaminobenzenesulphonate hydrochloride (1), and nitilotris(2-
benzimidazolylmethy-6-sulfonic acid), (2). 
An easier and more reliable method for the reduction of (1) was therefore sought, as the low 
temperature required for the reaction was not only inconvenient, but also surprising, as 
heating the reaction could have considerably increased the rate of the reduction process. It 
was therefore decided to repeat the reduction reaction by refluxing overnight at 70 °C, and 
to use tin(II) chloride, which is more reactive than the dihydrate form, see Scheme 4.1. The 
resulting white powder indicated the complete reduction of the nitro group, and the white 
powder was isolated as (1), which was confirmed by 1H NMR spectroscopy and mass 
spectrometry analysis [172].  
Synthesis of nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid), (2) 
[LS1], (2), was synthesised through a double condensation reaction, where (1) was refluxed 
for 3 days in 4 M HCl, with the tridentate ligand, nitrilotriacetic acid (see Scheme 4.1). The 
reaction mixture was filtered, and the blue/white powder of crude (2) was dissolved in water 
(with the addition of NaOH), and decolourised by charcoal to remove coloured impurities. 
The product was precipitated from solution by reducing the pH to < 3 by the addition of p-
toluene sulphonic acid, yielding (2), which was washed with water to remove unwanted salts, 
and subsequently dried in vacuo.  
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Figure 4.5: 1H NMR (D2O) spectrum of nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid), (2).  
(2) was fully characterised by 1H and 13C NMR spectroscopy, and mass spectrometry (see 
methods section 4.5) [172]. The 1H NMR spectrum (Figure 4.5) revealed four distinct hydrogen 
environments (assigned Ha, Hb, Hc and CH2). Ha was assigned the highest chemical shift, due 
to the decreased shielding of electrons through the close proximity of the proton to the 
electronegative sulphonate group, as well as the electronegative nitrogen of the 
benzimidazole ring. Both Hb and Hc were assigned as doublets, with Hb being distinguished 
from Hc through the expected higher ppm, due to the increased deshielding of Hb from the 
electronegative sulphonate group. The 13C NMR spectrum (Figure 4.6) confirmed the 
presence of the seven aromatic carbons of the benzimidazole ring, confirming the formation 
of the benzimidazole ring. The carbon nuclei were assigned using HMQC 2D NMR 
spectroscopy.  
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Figure 4.6: 13C NMR (D2O) spectrum of nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid), (2). 
The synthesis of Zn.LS1 (3a), Cu.LS1 (3b), Ni.LS1 (3c) and Co.LS1 (3d) 
The Zn(II), Cu(II), Ni(II) and Co(II) derivatives of the [LS1.M(OH2)]- complex were synthesised 
using a 1:1.5 ratio of (2): M(ClO4)2.6H2O, where M = Zn, Cu, Ni or Co (see methods section 
4.5.2, and Scheme 4.2). The crude product was precipitated by the addition of cold ethanol, 
and washed with hot ethanol to remove unreacted metal salts. Due to the paramagnetic 
behaviour of the Cu(II), Ni(II) and Co(II) complexes, no 1H NMR or 13C NMR spectra could be 
obtained. However, high resolution mass spectrometry and elemental analysis confirmed the 
successful complexation of the three novel transition metals to (2). The 1H NMR spectrum for 
the diamagnetic Zn(II) complex was obtained, see Figure 4.7. 
 
 
107 
 
Scheme 4.2:  Reaction scheme for the synthesis of Zn.LS1 (3a), Cu.LS1 (3b), Ni.LS1 (3c) and Co.LS1 (3d). 
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Figure 4.7: 1H NMR (D2O) spectrum of A) (3a), the Zn(II)LS1 complex, and B) the ligand LS1, (2). The numbering system on 
(3a) is to represent the carbon atom to which the proton of interest is bound, and for clarification, the two different 
binding modes for the sulphonate groups are shown by the two possible isomers 666, 665, were the sulphonate group is 
bound to the 5th or 6th carbon of the aromatic ring, see Figure 4.8 for the structure of the two proposed isomers.  
The 1H NMR spectrum of (3a) reveals broadening of the aromatic peaks (Ha/Hc), and 
downfield shifts for all protons, which indicates the presence of a zinc coordinated ligand. 
Two distinct aromatic protons peaks were observed (cf. there are three distinct proton peaks 
for (2), see Figure 4.7B for comparison), which is likely due to an overlap of proton Ha/Hc, 
appearing as a broad peak. This is a result of the combination of the complexation to zinc, and 
the variable position of the sulphonate group on the benzmidiazole ring. It is likely that each 
sulphonate group could locate either on the 5th of 6th carbon of the benzimidazole ring, and 
when complexed to Zn(II) this could result in a number of possible isomers i) 555 ii) 
556≈565≈655 iii) 665≈566≈656 iv) 666. Molecular mechanic calculations by Nakata et al. 
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revealed the sequence for the steric energies for each isomer (555>556>665>666), which 
concluded that the 665 and 666 isomers were the most likely isomers to exist (see Figure 4.8), 
due to an increased electrostatic repulsion from the negative charge of the sulphonate group 
in the 555 and 556 isomeric forms [172].  
Figure 4.8: The proposed structural isomers for Zn.LS1, (3a) A) The 666 isomer, where the sulphonate group resides on the 
6th position on all three benzimidazole rings, and B) The 665 isomer, where the sulphonate group resides on the 6th position 
on two benzimidazole rings, and the 5th position on one benzimidazole ring.  
The 1H NMR for (3a) by Nakata et al. revealed the presence of both isomers (666 and 665), 
which was determined due to the presence of nine distinct aromatic hydrogen peaks. 
However the 1H NMR spectrum (Figure 4.7), reveals the presence of just three aromatic 
protons, which implies the presence of only one isomer. The downfield shift of both Ha and 
Hc, and the broadening of the peak, suggests that the protons are experiencing a decrease in 
electron shielding due to the binding of zinc. This therefore indicates the presence of the 665 
isomer, where both Ha and Hc would be closest to the nitrogen bound to zinc. The 13C NMR 
data for (3a) was reported for the first time (see methods section 4.5.2), and revealed 
downfield shifts of all aromatic carbon nuclei. Interestingly, only six distinct aromatic carbon 
peaks were observed, suggesting that C2 and C3 (see Figure 4.6 for 13C NMR of (2)) are 
equivalent when complexed to the metal centre. The same resonating frequency of the 
carbon nuclei is likely to be due to the variable position of the sulphonate group on the 
benzimidazole aromatic ring (see Figure 4.6 for the 13C NMR of the ligand (2), for comparison). 
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It would be expected that C2 and C3 would be distinct peaks if all three sulphonates were on 
the 6th position of the benzimidazole ring, and so taking the 1H and 13C NMR data into 
consideration, it seems likely that only the 665 isomer is present. 
4.3.2. Nitrilotris(2-benzimidazolylmethyl-methylbenzoic acid), [L1COOH], 
(4) 
The high catalytic activity of (3a) makes this complex an interesting target for use as a 
potential CO2 capture/release chemical tool. The sulphonate moiety on the bezimidiazole ring 
allowed for the incorporation of water solubility, however, the versatility of the sulphonate 
moiety is limited. It would therefore be interesting to investigate the versatility of this core 
benzimidazole ligand, by the addition of more functional moieties. A carboxylic acid derivative 
was deemed useful, as: 
1) A carboxylic acid group would allow for good solubility, making the ligand and 
complexes easy to handle and allow for chemical and biological characterisation. 
2) Several diaminobenzoates were commercially available, which would help to reduce 
the number of reaction steps needed to synthesise this water soluble ligand (one-step 
reaction for (4) cf. a two-step reaction for (2)). 
3) The versatility of the carboxylic acid functional group could be exploited to add more 
complex and sophisticated functionality, through the addition of: 
a. Lipophilic moieties such as polyethylene glycol (PEG), to enhance 
hydrophobicity and facilitate cell permeability. 
b. Fluorophores, to aid in visualisation during in vivo studies.  
c. Targeting groups, to allow for the compound to be directed to the chloroplast 
(e.g. to bind to cold spots near Rubisco’s active site). 
Synthesis of (4) 
(4) was synthesised using a similar double condensation method to that used for the synthesis 
of (2), where methyl 3,4-diaminobenzoate and nitrilotriacetic acid were refluxed in acid, see 
Scheme 4.3.  
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Scheme 4.3: Reaction scheme for the synthesis of nitilotris(2-benzimidazolylmethy-6-carboxylic acid), (4) 
The completion of the reaction was sensitive to both time and temperature, which was in 
contrast to the synthesis of the sulphonate derivative (2), which went to completion from 2-
3 days, at a temperature range of 110-130 °C. The formation of (4) was very much dependant 
on the length of the reaction, and the completion of the reaction could be easily monitored 
by a colour change of red/brown (belonging to the diaminobenzoate starting material) to 
blue/light brown (indicating the formation of (4)). By monitoring the colour of the reaction, it 
was noted that after 3 days the reaction had not gone to completion, however, the colour 
change indicated a successful reaction on day 4. It was noted that if the reaction was refluxed 
for longer than 5 days, the solution turned black, with 1H NMR spectroscopy and mass 
spectrometry analysis indicating partial decomposition. It was also noted that the 
temperature of the reaction was important for the full conversion of the starting materials, 
and that temperatures above 130 °C needed to be maintained. Therefore, in a typical 
reaction, the starting materials were refluxed in 4M HCl for 4 days at 135°C.  
Purification of (4) 
Mass spectrometry analysis and 1H NMR spectroscopy data for the crude precipitate indicated 
the successful formation of (4), with impurities showing a mixture of starting materials, and 
the ester derivative of (4). Heating the reaction after the addition of excess water, and the 
112 
 
removal of methanol by rotary evaporation confirmed the complete hydrolysis of the ester 
impurity.  
A similar purification method to that outlined for (2) was carried out, but it was noted that no 
precipitation occurred at pH 2 to pH 3, but below pH 2, both (4) and the nitrilotriacetic acid 
starting material were precipitated from solution. The pH of the solution was therefore 
monitored over the pH range of 5 to 2 (at pH intervals of 0.5). It was noted that at pH 4.0 a 
precipitate formed, but at pHs below pH 3.5, the precipitate dissolved back into solution. The 
precipitate at pH 4 was isolated in a 31% yield, and characterised as (4) (see below for 
discussion of characterisation).  
Given the low yield of the isolated product, different column purification methods were 
investigated for the isolation of (4). Under normal phase chromatography conditions, the 
product and impurity were too polar and bound too tightly to the stationary phase. Both silica 
and alumina stationary phases were investigated, along with a number of mobile phase 
mixtures, however, the analyte and impurity bound too strongly to the stationary phase, and 
could not be removed even when using highly polar mobile phases. Reverse phase conditions 
were also investigated, but there was no retention of the sample on the column, and despite 
reducing the polarity of the mobile phase, no retention could be achieved. It was concluded 
that column chromatography was not a suitable method of separation for this particular 
compound.  
Characterisation of (4) 
(4) was fully characterised by 1H and 13C NMR spectroscopy, as well as by mass spectrometry, 
and all proton and carbon nuclei were assigned using HMQC 2D NMR spectroscopy. The 
formation of a new carbon-carbon bond due to the formation of the benzimidazole ring was 
confirmed by the downfield shift of the CH2 protons (3.78 ppm, see Figure 4.9), when 
compared to the CH2 protons of the nitrilotriacetic acid starting material (2.95 ppm).  
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Figure 4.9: 1H NMR (D2O) spectrum of (4) 
The 1H NMR spectrum identified a number of possible isomers, with the appearance of six 
aromatic proton peaks, representing the protons of the benzimidazole ring. The integration 
of the aromatic peaks and the CH2 group gave the expected 1.5:1 ratio, suggesting the 
aromatic peaks were not impurities. It is likely that the COO- moiety could be positioned on 
the 5th or the 6th carbon of the benzimidazole ring, which could result in a number of structural 
isomers. Given the steric energies calculated for the sulphonate derivative [172], it is likely 
that the six aromatic protons in the 1H NMR spectrum are due to the presence of the 666 and 
the 665 structural isomers, which if present, would give rise to six proton environments. The 
splitting patterns could not be determined from the 1H NMR, and therefore the presence of 
structural isomers could not be confirmed.  
The 13C NMR revealed the presence of the expected nine carbon nuclei, confirming the 
formation of the benzimidiazole ring, as well as confirming the presence of the carboxylic acid 
group (177 ppm, see Figure 4.10). The 13C NMR also confirmed that there were no aromatic 
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impurities, suggesting that the six aromatic peaks observed in the 1H NMR were due to 
structural isomers. 
Variable temperature NMR and additional 2D NMR experiments could potentially help to 
further characterise these structural isomers, but given the aim of this project and time 
constraints, it was decided to not investigate this further. 
Figure 4.10: 13C NMR (D2O) spectrum of (4) 
4.3.3. Synthesis of Zn(II) azamacrocycles 
In order to investigate the importance of the pKa of the zinc bound water molecule of CA 
mimetics on the direction and rate of interconversion of CO2/HCO3-, a number of structurally 
characterised azamacrocycles were selected (Zinc-1,4,7-triazacyclononane (Zn.N3, (5)), zinc-
1,4,7,10-tetraazacyclododecane (Zn.CN, (6)), and zinc-1,4,8,11-tetraazacyclotetradecane 
(Zn.CM, (7)), see Scheme 4.4) [161]. 
The azamacrocycle complexes (5) and (6) were similar in ligand design (with (CH2)2 groups 
separating the nitrogen donor atoms), but differed in coordination number (3 nitrogen donors 
cf. 4 nitrogen donors respectively). (7) was chosen due to the high pKa value of the zinc bound 
water molecule, and also for its similar coordination environment to (6). 
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Scheme 4.4: Reaction scheme for the synthesis of the zinc (II) azamacrocyles Zn.N3 (5), Zn.CN (6) and Zn.CM (7). The 
counter ion for (5), (6) and (7) is 2ClO4 
(5), (6) and (7) were synthesised using a similar complexation method previously reported 
(see methods section 4.5.4) [161]. A summary of the reaction scheme for the complexation 
of the azamacrocycles, along with their corresponding pKa values, is shown in Scheme 4.4. The 
zinc azamacrocycles were purified and characterised by 1H and13C NMR spectroscopy and 
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mass spectrometry (see methods section). The NMR spectra for (5), (6) and (7) agreed well 
with literature values [161], and as an example, the 1H and 13C NMR spectra for (6) are shown 
in Figure 4.11.  
Figure 4.11: A) 1H NMR (D2O) spectrum of (6), and B) 13C NMR (D2O) spectrum of (6) 
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4.4. Conclusions 
The already structurally and kinetically characterised zinc CA mimetic (3a) was synthesised 
and characterised, along with three novel transition metal derivatives (copper (3b) nickel (3c) 
and cobalt (3d)). This suite of transition metal complexes will allow for kinetic studies of the 
CO2 hydration and the HCO3- dehydration rates (Chapter 5), which will give insight into the 
importance of the metal centre for the interconversion of CO2/HCO3-.  
Furthermore, the novel carboxylic acid derivative (4) of the benzimidiazole ligand (2) was 
synthesised and characterised. The synthesis of this versatile ligand could allow for the 
incorporation of more specific functionality, such as i) the addition of lipophilic moieties to 
enhance cell permeability, ii) the addition of fluorophores to aid visualisation during in vivo 
studies, and iii) the addition of targeting groups to direct the compounds to the chloroplast.  
Three Zn(II) azamacrocycles were synthesised and characterised, with a range of pKa values 
((5)= 5.9, (6) = 7.9 and (7) = 9.8). The different pKa values of structurally similar zinc CA 
mimetics, will allow for a study of the catalytic rates of CO2 hydration and HCO3 dehydration 
at a range of pHs (6.3-9.5), and allow us to test the hypothesis that at pHs below the pKa of 
the mimetic, the dehydration reaction will predominate.  
In the following chapters, the metal complexes synthesised within this chapter will be tested 
for their kinetic ability to interconvert CO2/HCO3- (Chapter 5), and their ability to affect the 
rate of carbon fixation by altering the CO2/HCO3- concentration around Rubisco (Chapter 7).  
4.5. Experimental and methods 
All metal complexation reactions were conducted under an inert nitrogen atmosphere using 
standard Schlenk techniques, in order to minimise exposure to atmospheric CO2. All solvents 
and reagents were purchased from Sigma Aldrich, unless otherwise stated. 1,4,7-
triazacyclononane and 1,4,8,11-tetraazacyclotetradecane was purchased from CheMatech. 
Methyl 3,4-diaminobenzoate was purchased from Fischer Scientific. All reagents and solvents 
were used without further purification.  
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4.5.1. Instrumentation 
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Av400 spectrometer, 
operating at 400 MHz for 1H NMR and 100 MHz for 13C {H1}. A D2O solvent peak of δ 4.79 was 
used as internal reference for 1H chemical shifts, which were reported in parts per million 
(ppm). Spectra were processed and analysed using MestReNova software. Mass spectrometry 
spectra were performed by the Mass Spectrometry Service at Imperial College London by Dr. 
Lisa Haigh. Elemental analysis was performed by the Elemental Analysis Service at the Science 
Centre, London Metropolitan University by Stephen Boyer. All chemical structures were 
drawn using ChemDraw Pro 14 software. For NMR spectra, d= double, dd= doublet of 
doublets, m = multiplet, s= singlet and t = triplet. 
4.5.2. Synthesis of nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid) 
metal complexes ML1S 
3,4-Diaminobenzenesulfonate hydrochloride, (1), [172] 
Sodium 3-nitro-4-aminobenzenesulfonate (2.10 g, 8.74 mmol) was dissolved in 12 M HCl (30 
mL) and reduced by SnCl2 (7.00 g, 36.92 mmol) by refluxing at 70 °C. The white precipitate 
was filtered and recrystallized from hot 6M HCl in a yield of 86% (1.68g, 7.52 mmol). 
 1H NMR (400 MHz, D2O) δ (ppm): 7.49 (d,3JH-H= 2.0 Hz, 1H), 7.43 (dd, 3JH-H = 8.4 Hz, 1H), 7.01 
(d, 3JH-H = 8.5 Hz, 1H). 13C NMR (100 MHz, D20) δ (ppm): 137.6, 136.2, 124.7, 120.3, 119.5. ESI-
MS m/z 187 [M-Cl]-. 
Nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid), (2), [172] 
3,4-Diaminobenzenesulfonate hydrochloride (1.45g, 6.49 mmol) and nitrilotriacetic acid (0.41 
g, 2.16 mmol) were added in a 3:1 ratio and refluxed in 4 M HCl (30 mL) at 120 °C for 3 days. 
The blue-green solution was filtered and the blue-white precipitate was dissolved in H2O by 
the addition of NaOH. The solution was decolourised using charcoal, which was then removed 
by filtering the solution through celite. The resulting solution was acidified to <pH 3 using p-
toluenesulfonic acid solution, resulting in the precipitation of a white powder. The white 
powder, denoted H3L1S, was filtered and then dried in vacuo. The powder was washed with 
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H2O to remove further water soluble impurities, such as p-toluenesulfonic acid, allowing for 
isolation in 67% yield (2.93 g, 4.35 mmol). The H3L1S adduct would not dissolve in any NMR 
solvents, D2O was added to the powder, and dissolved by the addition of a small amount of 
NaOH, allowing for analysis of the sodium adduct.  
1H NMR (400 MHz, D2O) δ (ppm):7.88 (s, 1H), 7.52 (d, 3JH-H= 8.2 Hz, 1H), 7.40 (d, 3JH-H= 8.2 Hz, 
1H), 3.80 (s, 2H). 13C NMR (100 MHz, D20) δ (ppm): 164.94 (C1), 146.75 (C2), 143.77 (C3), 
133.39 (C4), 116.95, 115.48, 113.25 (C5-7), 54.65 (C8). ESI-MS m/z 647 [M-Na]-. 
Zinc nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid) (3a), [172] 
(2) (100 mg, 0.15 mmol) and Zn(ClO4)2.6H2O (69 mg, 0.18 mmol) were added in a ~1:1.2 ratio 
in water (2 mL) and adjusted to pH 7 using NaOH. The reaction was heated to 85 °C for 1 hour 
and then allowed to cool. (3a) was precipitated with the addition of ethanol in a 70% yield 
(101 mg, 0.10 mmol). Analysis taken of the sodium adduct.  
1H NMR (400 MHz, D2O) δ (ppm): 7.5-8.3(broad s, 2H), δ 7.44 (d, 3JH= 8.2 Hz, 1H), δ 4.00 (s, 
2H). 13C NMR (100 MHz, D20) δ (ppm): 165.35 (C1), 152.96 (C2, C3), 133.91 (C6), 117.44, 
116.02, 113.59 (C7, C5, C4), 52.63 (C8). ESI-HRMS calcd for ZnC24H23N7O10S3Na, 751.9858, 
found m/z 751.0060. Elemental analysis, calc (ZnC25H22N7O12S3) C, 38.79; H, 2.89; N, 12.67, or 
with added H2O and NaCl, calc (ZnC25H22N7O12S3.3.5H2O.2NaCl) C, 31.48; H, 3.06; N, 10.28. 
Found C 31.46; H, 3.06, N 10.18. 
Copper nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid) (3b) 
(2) (100 mg, 0.15 mmol) and Cu(ClO4)2.6H2O (67 mg, 0.18 mmol) were added in a ~1:1.2 ratio 
in water (2 mL) and adjusted to pH 7 using NaOH. The reaction was heated to 85 °C for 1 hour 
and then allowed to cool. (3b) was precipitated with the addition of ethanol in a 67% yield 
(103 mg, 0.10 mmol).  
ESI-HRMS calcd for CuC254H23N7O10S3Na, 750.9862, found m/z 750.0079. Elemental analysis, 
calc (CuC25H22N7O12S3) C, 38.88; H, 2.87; N, 12.70, or with added H2O and NaCl, calc 
(CuC25H22N7O12S3.4.5H2O.3NaCl) C, 29.29; H, 3.04; N, 9.67, Found C 29.54; H, 3.05, N 9.89. 
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Nickel nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid) (3c) 
(2) (100 mg, 0.15 mmol) and Ni(ClO4)2.6H20 (66 mg, 0.18 mmol) were added in a ~1:1.2 ratio 
in water (2 mL) and adjusted to pH 7 using NaOH The reaction was heated to 85 °C for 1 hour 
and then allowed to cool. (3c) was precipitated with the addition of ethanol in a 54% yield 
(0.08 mmol, 77 mg). 
ESI-HRMS calcd for NiC24H23N7O10S3Na, 745.9920, found m/z 745.9976 Elemental analysis, 
calc (NiC25H22N7O12S3) C, 39.13; H 2.89; N, 12.78, or with added H2O and NaCl, calc 
(NiC25H22N7O12S3.3.5H2O.2NaCl) C, 31.60; H 3.09; N, 10.20. Found C 31.46; H, 3.07, N 10.12. 
Cobalt nitrilotris(2-benzimidizaolylmethyl-6-sulfonic acid) (3d) 
(2) (100 mg, 0.15 mmol) and Co(ClO4)2.6H2O (66 mg, 0.18 mmol) were added in a ~1:1.2 ratio 
in water (2 mL) and adjusted to pH 7 using NaOH. The reaction was heated to 85 °C for 1 hour 
and then allowed to cool. (3d) was precipitated with the addition of ethanol in a 51% yield 
(0.08 mmol, 71 mg).  
ESI-HRMS calcd for CoC24H23N7O10S3Na, 746.9893, found m/z 746.0052. Elemental analysis, 
calc (CoC25H22N7O12S3) C, 39.12; H, 2.89; N, 12.77, or with added H2O and NaCl, calc 
(CoC25H22N7O12S3.5H2O.1.5NaCl) C, 31.76; H, 3.41; N, 10.37. Found C 31.55; H, 3.35, N 10.33.  
4.5.3. Nitrilotris(2-benzimidazolylmethyl-methylbenzoic acid) L1COOH, (4) 
Methyl 3,4-diaminobenzoate (500.0 mg, 3.00 mmol) and nitrilotriacetic acid (191.0 mg, 1.00 
mmol) were added in a 3:1 ratio and refluxed in 4 M HCl (10 mL) at 135 °C for 4 days. The 
blue-white solution was cooled and the precipitate filtered. The precipitate was dissolved in 
H2O and brought to pH 8 with NaOH, decolourised with charcoal and filtered through celite. 
The resulting brown powder, (4), was precipitated using p-toluenesulfonic acid. The powder 
was washed with acidic water, to remove salts, and dried in vacuo, in a yield of 31% (167.2 
mg, 0.31 mmol)  
1H NMR (400 MHz, D2O) δ (ppm): 8.00 (s, 1H) δ 7.56 (s, 1H) δ 7.44 (s, 1H) δ 3.8 (s, 2H). 13C 
NMR (100 MHz, D20) δ (ppm): 177.02 (COOH), 164.06, 143.91, 127.41, 121.24, 116.99, 115.41, 
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114.58 (seven carbons of the benzimidazole ring), 54.64 (CH2). ESI-HRMS calcd for C27H22N7O6, 
540.1626, found m/z 540.1636. 
4.5.4. Synthesis of Zn(II) azamacrocycle complexes, [161] 
Zinc (1,4,7-triazacyclononane), ZnN3 (5) 
1,4,7-Triazacyclononane (200.0 mg, 1.55 mmol) was dissolved in ethanol (2 mL) and heated 
to 65 °C. 1.2 equivalents of Zn(ClO4)2.6H2O (691.0 mg, 1.86 mmol) was dissolved in ethanol 
(0.6 mL), and then added dropwise to the azamacrocycle solution, which upon addition 
formed a thick white precipitate. The thick suspension was stirred for 2 hours at 65 °C. The 
white precipitate was filtered, washed with cold ethanol (3 x 6 mL), and recrystallised from 
hot ethanol. The resulting white solid was dried in vacuo for 24 hours, or until the 1H NMR 
confirmed the removal of ethanol, in a yield of 86% (567.7 mg, 1.38 mmol). 
1H NMR (400 MHz, D2O) δ (ppm): 2.92-2.79 (br m, 6H), 2.67-2.54 (br m, 6H). 13C NMR (100 
MHz, D20) δ (ppm):42.83. ESI-HRMS, m/z= 238.0513 [M(HCO2)+H]+. ESI-HRMS calcd for 
ZnC9H21N4O2, 281.0534, found m/z 238.0513. 
Zinc (1,4,7,10-tetraazacyclododecane), ZnCN (6) 
1,4,7,10-Tetraazacyclododecane (400.0 mg, 2.32 mmol) was dissolved in ethanol (4 mL) and 
heated to 65 °C. 1.2 equivalents of Zn(ClO4)2.6H2O (1.04 g, 2.79 mmol) was dissolved in 
ethanol (1.2 mL), and then added dropwise to the azamacrocycle solution, which upon 
addition formed a thick white precipitate. The thick suspension was stirred for 2 hours at 65 
°C. The white precipitate was filtered, washed with cold ethanol (3 x 12 mL), and recrystallised 
from hot ethanol. The resulting white solid was dried in vacuo for 24 hours or until the 1H 
NMR confirmed the removal of ethanol, in a yield of 89% (938.6 mg, 2.06 mmol). 
1H NMR (400 MHz, D2O) δ (ppm): 2.87-2.77 (br m, 8H), 2.73-2.64 (br m, 8H). 13C NMR (100 
MHz, D20) δ (ppm):43.65. ESI-HRMS calcd for ZnC9H21N4O2, 281.0956, found m/z 281.0985. 
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Zinc (1,4,8,11-tetraazacyclotetradecane), ZnCM (7) 
1,4,8,11-Tetraazacyclotetradecane (400.0 mg, 2.0 mmol) was dissolved in ethanol (4 mL) and 
heated to 65 °C. 1.2 equivalents of Zn(ClO4)2.6H2O (0.89 mg, 2.39 mmol) was dissolved in 
ethanol (1.2 mL), and then added dropwise to the azamacrocycle solution, which upon 
addition formed a thick white precipitate. The thick suspension was stirred for 2 hours at 65 
°C. The white precipitate was filtered, washed with cold ethanol (3 x 12 mL), and recrystallised 
from hot ethanol. The resulting white solid was dried in vacuo for 24 hours or until the 1H 
NMR confirmed the removal of ethanol, in a yield of 82% (791.5 mg, 1.64 mmol).  
1H NMR (400 MHz, D2O) δ (ppm): 3.15-2.99 (br m, [4H]), 2.97-2.86 (m, 4H), 2.65-2.53 (quartet, 
4H) 2.44-2.30 (quintet, 4H), 1.87-1.74 (quartet, 2H), 1.60-1.43 (quartet, 2H). 13C NMR (100 
MHz, D20) δ (ppm): 49.90, 47.70, 27.90. ESI-HRMS calcd for ZnC11H25N4O2, 309.1269, found 
m/z 309.1293.  
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5. Investigating the rate of CO2 hydration and HCO3- 
dehydration, for a suite of carbonic anhydrase mimetics 
This chapter investigates the rates of CO2 hydration and HCO3- dehydration for the suite of 
carbonic anhydrase (CA) mimetics synthesised in Chapter 4, in order to study how the metal 
centre, and changes in the pKa of the zinc bound water molecule, influence the 
interconversion of CO2/HCO3-. As the ultimate aim of this thesis is to perturb Rubisco’s activity 
following the addition of the CA mimetics (due to a change in local CO2 concentrations), the 
quantification of the rates of CO2 hydration and HCO3- dehydration are therefore important.  
5.1. Introduction 
At the pH of the stroma (which is reported to increase from ~pH 7-8 from night to day [179, 
181]) the major source of carbon present is HCO3-, meaning there is a low concentration of 
CO2 available to Rubisco (see Figure 5.1). CCMs have evolved that utilise CA, and increase local 
CO2 concentrations around Rubisco for increased photosynthetic efficiencies (most 
noticeably in carboxysomes of cyanobacteria, and in pyrenoids of unicellular algae [60, 70]). 
Figure 5.1: Species distribution curve of H2CO3. 
As discussed in Chapter 1, carbon enrichment studies have led to enhanced photosynthetic 
efficiency, highlighting the potential to increase crop yields through increasing intercellular 
CO2 concentrations of C3 plants [94]. Given Rubisco’s inherent inefficiencies (outlined in 
Chapter 1), an increase in local CO2 concentration would result in a decrease in the rate of the 
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competing oxygenation reaction, by increasing the local [CO2]:[O2] ratio. Taking inspiration 
from these studies, and from the role of CA in CCMs, then it is hypothesised that CA mimetics 
could be utilised to increase local CO2 concentrations around Rubisco in C3 plants. 
As discussed in Chapter 4, the efficiency of the interconversion of CO2/HCO3- by CA mimetics 
is highly dependent on pH, which is due to a combination of the pKa of the zinc bound water 
molecule, but also due to relative concentrations of CO2/HCO3- in equilibrium at a given pH 
(see Figure 5.1). The pH determines whether the hydration or dehydration reaction will 
predominate. It is known that at pHs above the pKa of the zinc bound water molecule, the 
main species present is the hydroxyl species (Zn-OH-), which is the active species for the 
hydration of CO2 (see Figure 5.2A for catalytic mechanism), and at pHs below the pKa of zinc 
bound water molecule, the water species is predominant (Zn-OH2), which is hypothesised to 
be the active species for the dehydration of HCO3- (see Figure 5.2B for catalytic mechanism). 
Figure 5.2: Catalytic mechanism for A) CO2 hydration and B) HCO3- dehydration.  
The suite of CA mimetics synthesised in Chapter 4 were chosen to investigate how differences 
in the transition metal centre, the ligand design, and the pKa of the zinc bound water 
molecules, influence the interconversion rates of CO2 and HCO3-. The results of this 
investigation are discussed in this chapter.  
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5.2. Results and discussion 
5.2.1. Stopped flow assay for determining rates of CO2 hydration and HCO3- 
dehydration 
Stopped flow is a spectroscopic technique used to measure fast reaction mechanisms in 
solutions at very small timescales (typically 1 ms to 100 s), see Figure 5.3. Stopped flow has 
become the method of choice for investigating the rates of the interconversion of CO2/HCO3- 
by native CA [59, 108, 154] and CA mimetics [159-161, 172, 177, 178, 182], as it allows for 
rapid and accurate measurements.  
 
 
Figure 5.3: Schematic layout of stopped flow instrument. 
In a typical reaction, the drive ram (A) pushes the 
reactants (contained in the drive syringes, (B) and (C)) to a 
mixing chamber (D), and subsequently into an optical cell 
(E). The start of the reaction displaces the existing liquid 
within the tubing, which triggers the stop syringe (F), 
where the pistol hits a trigger switch (G), stopping the 
flow, and triggering the start of data acquisition.  
 
 
The catalytic rate constants for CO2 hydration and HCO3- dehydration reactions of the CA 
mimetics investigated in this chapter will be determined by use of a ‘change of pH indicator’ 
method, a stopped flow spectrophotometry assay that measures the time dependant change 
in the absorbance of a pH indicator [108]. The change in absorbance of the indicator due to 
protonation (In_ to HIn) or deprotonation (Hln to ln-) allows for the determination of the initial 
rate of hydration (Vhyd) and dehydration (Vdehyd) respectively, which can be calculated using 
Equation 5.1. 
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Equation 5.1: Equation defining the initial rate of CO2 hydration (Vhyd) or HCO3- dehydration (Vdehyd), where Q = buffer 
factor (which converts changes in absorbance to changes in H+/OH-), Ao = absorbance of indicator at t=0, Ae= final 
absorbance of indicator, and [d(ln(A-Ae))/dt] = initial rate taken from fitting single exponential decay function for the 
linear portion of the pH time dependence curve.  
Using Equation 5.2, the observed rate constant, kobs,, for the hydration reaction (hkobs) was 
calculated as the slope of Vhyd/[CO2], against catalyst concentration. Similarly, the rate 
constant for the dehydration reaction (dkobs) of each catalyst was calculated as the slope of 
Vdehyd/[NaHCO3], against catalyst concentration. 
Equation 5.2: Equation defining the observed rate constant, where Vhyd and Vdehyd = initial rate of CO2 hydration and HCO3- 
dehydration respectively, [catalyst] = concentration of CA mimetic, [CO2]/[NaHCO3] = concentration of CO2 or NaHCO3 
respectively. Units of kobs are in M-1s-1. 
5.2.2. Calculating the buffer factor (Q)  
The pH values chosen for CO2 hydration and HCO3- dehydration measurements were limited 
to buffer-indicator pairs with similar pKa values. This is a prerequisite for ensuring that the 
ionisation of the buffer and indicator is not rate limiting, and to ensure that changes in 
absorbance of the indicator are due to the proton release or proton capture from the addition 
of CO2/HCO3- only [108]. The buffer factor (Q), allows for conversion of the change in 
absorbance of the indicator to changes in protonation/deprotonation of the indicator, and is 
defined by Equation 5.3. 
Equation 5.3: Equation defining the relationship between changes in absorbance over time to the buffer factor (Q), by 
converting the change in absorbance to the protonation/deprotonation of the indicator. A = absorbance, Q = buffer factor, 
and x = proton concentration. 
hkobs = Vhyd/[[catalyst][CO2]] 
dkobs = Vdehyd/[[catalyst][NaHCO3]] 
 
 
 
 
dA/dt = (δA/δx)
t
 (δx/δt)= (1/Q) (dx/dt) 
V
hyd/dehyd
= -Q(A
o
-A
e
)[d(ln(A-A
e
))/dt] 
t→0
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Therefore, for each pH value at which the rate of interconversion of CO2/HCO3- was measured, 
Q had to firstly be determined, see Figure 5.4. The rate of hydration of CO2 by native CA is 
known to be highest at pH 9.5 [108], and for this reason, this pH value was chosen to monitor 
the maximum rate of CO2 hydration for the mimetics investigated within this chapter. 
Subsequently, the rate of dehydration of HCO3- by native CA is higher at lower pHs [59], with 
rates of HCO3- dehydration being reported from pH 6.0 and pH 7.0 [177, 178]. Due to the 
lower solubility at lower pHs for the complexes being investigated, pH 6.3 was chosen as the 
lowest pH to monitor the maximum rate of HCO3- dehydration. The rate for both CO2 
hydration and HCO3- dehydration were also monitored at pH 7.4 and 8.2, to reflect similar 
stromal pH changes in vivo (pH 7 to 8 from night to day [181]).  
The changes in absorbance due to the protonation/deprotonation of the indicator showed 
clear linear responses across all buffer-indicator pairs investigated, and Q was calculated as 
the reciprocal of the slope of the curve, see Table 5.1 for summary of Q. 
Table 5.1: Summary of buffer factor (Q) for each buffer-indicator pair (shown in Figure 5.4). See section 5.4.2 for 
experimental details. * not determined- the hydration reaction at pH 9.5 is too fast to be able to determine any 
dehydration reaction, and subsequently, at pH 6.3, the hydration reaction is too fast, and the hydration reaction cannot 
be determined  (which is in part controlled by the equilibrium of CO2/HCO3- at these pHs) 
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Figure 5.4: Determination of buffer factor (Q) for each buffer-indicator pair, where Q was calculated as the reciprocal of the slope. Error bars shown are standard deviation with n=12 (four 
independent repeats, measured in triplicate. Experiments were carried out on separate days, and using freshly prepared solutions each day). The addition of HCl was used to allow for 
correlation between changes in absorbance with the release of protons (graphs A-C), and the addition of NaOH was used to allow for the correlation between changes in absorbance with 
the capture of protons (graphs D-F). See methods section 5.4.2 for further experimental details. A) Q factor for hydration of CO2 at pH 9.5, using CHES/thymol blue B) Q factor for hydration 
of CO2 at pH 8.2, using TAPS/m-cresol purple. C) Q factor for hydration of CO2 at pH 7.4, using HEPES/phenol red. D) Q factor for dehydration of HCO3- at pH 8.2 using TAPS/m-cresol purple ) 
Q factor for dehydration of HCO3- at pH 7.4, using HEPES/phenol red F) Q factor for dehydration of HCO3- at pH 6.3, using BIS-TRIS/bromocresol purple.  
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5.2.3. Determining the concentrations of CO2/HCO3- to be used for catalytic 
measurements  
Controls were carried out to determine that the concentrations of CO2/HCO3-, used for 
catalytic measurements, were linearly proportionate to the Vhyd/Vdehy. Linear response curves 
for CO2 hydration measurements ([CO2] against Vhyd), were determined at pH 9.5 (see Figure 
5.5A), pH 8.2 (see Figure 5.5B) and pH 7.4 (see Figure 5.5C). The linear response of 
concentrations of CO2 greater than 16.9 mM could not be investigated, due to the solubility 
of CO2 in water at 25 °C (stock solution of CO2 was calculated as 33.8 mM using Henry’s law 
constant). Despite the fact that 16.9 mM CO2 was the last data point shown in the CO2 linearity 
curves (Figure 5.5), it was selected as the concentration of CO2 to be used for hydration 
studies (for pH 9.5, 8.2 and 7.4). A concentration of 16.9 mM CO2 was chosen, due to the 
experimental ease of sampling directly from the CO2 stock solution (33.8 mM CO2), 
eliminating the need for stock dilutions (which was needed for catalytic measurements with 
lower concentration of CO2), and reducing the possible leakage of CO2 gas during the 
dilutions. Many literature procedures also report the use of 16.9 mM CO2 [160, 161, 172]. 
Linear response curves for HCO3- dehydration measurements ([HCO3-] against Vdehyd), were 
determined at pH 8.2 (see Figure 5.5D), pH 7.4 (see Figure 5.5E) and pH 6.3 (see Figure 5.5F), 
and concentrations of 40 mM (for pH 8.2), 30 mM (for pH 7.4) and 12 mM (at pH 6.3) NaHCO3, 
were chosen for HCO3- dehydration measurements. The concentrations of NaHCO3 used for 
catalytic dehydration measurements increased with increasing pH, which was primarily due 
to the slower rates of HCO3- dehydration at higher pHs.  
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Figure 5.5: Linearity curves for determining the concentration of CO2 to be used for CO2 hydration measurements, at A) pH 9.5 B) pH 8.2 and C) pH 7.4, and for determining the concentration 
of HCO3- to be used for HCO3- dehydration measurements, at D) pH 8.2 E) pH 7.4 and F) pH 6.3. N = 6, with two repeats in triplicate. For further experimental details see section 5.4.1. 
 
132 
 
5.2.4. Investigating the importance of the transition metal centre for the 
benzimidazole ligand (LS1), on the interconversion of CO2/HCO3- 
Zinc is the metal ion found within the active site of most native CAs (cadmium β-CA from a 
marine diatom has also been reported [183, 184]), however, studies investigating the 
structure and catalysis when the native zinc ion has been substituted with other transition 
metal centres, namely copper [185-187], nickel [188, 189] and cobalt [190-192], have also 
been reported. Catalytic CO2 hydration measurements revealed that only cobalt had catalytic 
activity (although 50% lower than native CA), when replacing the zinc in CA’s active site, which 
was attributed to the similar coordination chemistry of Co(II) and Zn(II) [193].  
Moreover, CA mimetics with other transition metal centres (copper [157, 173, 174], cobalt 
[157, 175, 176], and nickel [157, 173]) have been reported and their rates of CO2 hydration 
measured. Interestingly, catalytic activity was reported for all three transitional metal 
mimetics, however, their activities were shown to be lower than their zinc derivatives. In one 
study, the lower rates were attributed to stronger bonding of HCO3- at the metal centre, 
where Cu(II) and Ni(II) were reported to bind bicarbonate in a bidentate mode, whereas the 
weaker co-ordinated Zn-HCO3- was reported as unidentate [182]. Furthermore, quantum 
mechanical analysis of four Zn(II) and Co(II) mimetics revealed faster hydration rates for Zn(II) 
due to tighter binding of HCO3- by the Co(II) derivatives [176].  
As discussed in Chapter 4, the water soluble benzimidazole complex, [LS1.Zn(OH2)]-(herein 
labelled Zn.LS1), has the reported largest observed rate constant for CO2 hydration to date 
[172]. The success of this mimetic motivated the synthesis of the Cu(II), Ni(II) and Co(II) 
complexes (herein labelled Cu.LS1, Ni.LS1 and Co.LS1 respectively), for a comparative study 
of the effect of the metal centre on CO2 hydration rates. Additionally, a comparative study of 
the rate of HCO3- dehydration was also sought for the transition metal derivatives, as no rate 
constant for HCO3- dehydration of Zn.LS1 has been reported, and there currently exists a 
limited amount of data for study of HCO3- dehydration by Cu(II), Ni(II) and Co(II) mimetics.  
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Rate of CO2 hydration for Zn.LS1, Cu.LS1, Ni.LS1 and Co.LS1  
In a typical CO2 hydration measurement, the reaction was started by the addition of CO2 to a 
solution containing a mixture of catalyst, indicator, and buffer. The experimentally observed 
rate constants for CO2 hydration were measured for each transition metal complex at pH 9.5 
(see Figure 5.6A), pH 8.2 (see Figure 5.6B) and pH 7.4 (see Figure 5.6C). The absorbance 
against time plot was used to calculate initial rates (Vhyd), see Equation 5.1, which could be 
plotted against catalyst concentration (as shown in Figure 5.6) to give hkobs (Equation 5.2).  
Figure 5.6: Plots of Vhyd /[CO2] against catalyst concentrations for Zn.LS1, Cu.LS1, Ni.LS1 and Co.LS1, at A) pH 9.5 B) pH 8.2 
and C) pH 7.4. Error bars shown are standard deviation with n=6 (three independent repeats, measured in duplicate). All 
measurements were carried out 25 °C, with final concentrations of: 50 mM buffer, 6 x10-5 M indicator, 0.1 M NaClO4 and 
16.9 mM CO2. The hkobs was calculated as the slope of the plots, and the error was calculated as the deviation of the curve 
from linearity (see Table 5.2 for summary of hkobs). See methods section 5.4.3 for experimental details.  
The predicted pKa values of the metal bound water molecule, using ChemAxon Marvin Suite 
software, was similar for each transition metal complex (pKa(Co.LS1) = 8.28, pKa(Ni.LS1) = 
8.28, pKa(Cu.LS1) = 8.29, pKa(Zn.LS1) = 8.29), and was in agreement with the experimentally 
calculated pKa for Zn.LS1 (pKa = 8.3) [172]. The similar pKa values exclude the pKa of the M-
OH2 as a determining factor for the differences seen in the interconversion of CO2/HCO3 
between the metal complexes. 
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All benzimidazole transition metal complexes showed high rates of CO2 hydration at pH 9.5, 
and as predicted, Zn.LS1 had the highest catalytic activity with a rate constant of 8803 ± 550.3 
M-1s-1 at 25 °C. The rate constant for Zn.LS1 was in reasonable agreement with literature 
values, which reported a rate constant of 3100 M-1s-1 at 15 °C and at pH of 9.5, which was 
extrapolated to give a rate constant of ~10, 000 M-1s-1 at 25 °C [172]. At pH 9.5, the order of 
activity for the transition metal LS1 complexes was given as Zn.LS1 > Co.LS1 > Cu.LS1 > Ni.LS1, 
and the hkobs summarised in Table 5.2.  
Table 5.2: Summary of hkobs for Zn.LS1, Cu.LS1, Ni.LS1 and Co.LS1 at pH 9.5, 8.2 and 7.4. 
Unsurprisingly, Zn.LS1 was shown to be the fastest catalyst for CO2 hydration. The higher 
observed rate constant for Co.LS1 over Cu.LS1 and Ni.LS1, was attributed to the similar 
coordination chemistry of Zn(II) and Co(II), and the fast interconversion of these two metals 
between four-, five- and six-coordination states [194], as well as the similar ionic radii (88 for 
Zn(II) cf. 88.5 for Co(II)) [157]. Han et al., synthesised and chemically characterised four, five 
and six-coordinated transition metal CA mimetics, and demonstrated the likelihood of metal 
centres to form bidentate coordination to bicarbonate, as Ni > Cu > Co > Zn [165]. The trend 
observed by Han et al. supports the results observed for the hkobs for the metal complexes in 
this study, at pH 9.5 and 8.2. Moreover, Han et al. also demonstrated that the Zn(II) 
derivatives bound bicarbonate in unidentate coordination, and the Co(II) derivatives showed 
binding that was intermediate to unidentate and bidentate, whereas the Cu(II) and Ni(II) 
derivatives showed a higher tendency to exhibit bidentate coordination [165]. The tighter 
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binding of bicarbonate results in the slower release of product, which would result in slower 
rates. 
As expected, there was a decrease in hkobs for all metal derivatives at pH 8.2, however, the 
trend for the order of catalytic activity (Zn.LS1 > Co.LS1 ≈ Cu.LS1 > Ni.LS1, see Table 5.2), 
differed to what was observed at pH 9.5. Similarly, there was a further decrease in hkobs at pH 
7.4, however, only Zn.LS1 and Cu.LS1 exhibited catalytic activity. The similar rate constants 
for Cu.LS1 (93.6 ± 20.70 M-1s-1) and Co.LS1 (102.4 ± 19.98 M-1s-1) at pH 8.2, and the observed 
rate constant for Cu.LS1 at pH 7.4, but not for Co.LS1, reveal a difference in expected trend 
to that seen at pH 9.5 (where the hkobs for Co.LS1 was greater). The reasons for the difference 
in the trend for the Co.LS1 and Cu.LS1 derivatives at lower pH values can only be speculated 
at this stage.  
The ease of the Co(II) metal to interconvert between coordination states [194], coupled with 
reports that at low pH cobalt substituted-CA was suspected to form a five coordinate complex 
(with two water molecules bound to the metal centre) [195], could suggest that at low pHs, 
the Co(II)-H2O could be in equilibrium with the five coordinate complex (Co(II)-(H2O)2). Cu(II) 
however, does not as easily interconvert between coordination states, preferring to form 
tetrahedral or octahedral coordination [194], and as such, there would be a higher 
concentration of Cu(II)-OH- available for nucleophilic attack on the carbon of CO2. This may 
explain why the observed rate constants for Cu.LS1 and Co.LS1 are similar at pH 8.2, and why 
Cu.LS1 can catalyse the CO2 hydration reaction at pH 7.4, but no rate constant is observed for 
Co.LS1.  
Figure 5.7: The proposed equilibrium for MLS1 compounds at low and high pHs. 
The hypothesis that Co(II) may form a five coordinate complex at low pHs also extends to 
Zn(II), as Zn(II) also easily interconverts between different coordination environments [194]. 
However, due to the weaker binding of HCO3- to Zn(II) than to the other metal centres, the 
136 
 
rate of CO2 hydration for Zn.LS1 is thus faster at all pH values investigated. However, it is of 
note that the fold change between hkobs values between pH 8.2 and pH 7.4 is smaller for 
Cu.LS1 (~2.1) than for Zn.LS1 (~4.5), suggesting that at pH 7.4, the ability of Cu.LS1 to 
interconvert HCO3- to CO2 approaches the rate of Zn.LS1. This suggests that at lower pHs, the 
ratio of Cu-OH-: Zn-OH- may be higher.  
Rate of HCO3- dehydration for Zn.LS1, Cu.LS1, Ni.LS1 and Co.LS1 
Despite the high rate constant reported by Nakata et al. for Zn.LS1 for CO2 hydration [172], 
the rate constant for HCO3 dehydration of Zn.LS1 has not been studied. The measurement of 
HCO3- dehydration rates for Zn.LS1, Cu.LS1, Ni.LS1 and Co.LS1 were therefore investigated. In 
a typical HCO3- dehydration measurement, the reaction was started by the addition of 
NaHCO3, to a solution containing a mixture of catalyst, indicator, and buffer. The initial activity 
for HCO3 dehydration was measured for each transition metal complex at pH 6.3 (see Figure 
5.8A), pH 7.4 (see Figure 5.8B) and pH 8.2 (Figure 5.8C). 
Figure 5.8: Plots of Vdehyd/[NaHCO3] against catalyst concentrations, for Zn.LS1, Cu.LS1, Ni.LS1 and Co.LS1, at A) pH 6.3 B) 
pH 7.4 and C) pH 8.2. Error bars shown are standard deviation with n=6 (three independent repeats, measured in 
duplicate). All measurement were carried out 25 °C, with final concentrations of: 50 mM buffer, 6 x10-5 M indicator, 0.1 
M NaClO4. The final concentration of NaHCO3 varied for each pH range studied: 12 mM at pH 6.3, 30 mM at pH 7.4, and 
40 mM at pH 8.2. The dkobs was calculated as the slope of the plots, and the error was calculated as the deviation of the 
curve from linearity (see Table 5.3 for summary of dkobs). See methods section 5.4.3 for experimental details.  
137 
 
The observed rate constants for HCO3- dehydration for M.LS1 complexes were reported for 
the first time, and were calculated as the slope of Vdehyd/[HCO3-] against catalyst 
concentration, and summarised in Table 5.3. The results reveal good rates of dehydration at 
pH 6.3 and pH 7.4, for three of the metal complexes (Zn.LS1, Co.LS1 and Cu.LS1), however 
there was no rate of dehydration observed for Ni.LS1 at any of the pHs investigated. At pH 
8.2, only the Zn.LS1 derivative showed activity for the dehydration of HCO3-, but the rate 
constant calculated was small (5.12 ± 0.52 M-1s-1).  
Table 5.3: Summary of dkobs for Zn.LS1, Cu.LS1, Ni.LS1 and Co.LS1 at pH 6.3, 7.4 and 8.2. 
From the observed rate constants in Table 5.3, it can be inferred that Zn.LS1 is the superior 
catalyst for HCO3- dehydration at pH 6.3 and pH 7.4, followed closely by Co.LS1. A similar trend 
in rate constant order was observed at pH 6.3 and pH 7.4, as to that discerned for the rate of 
hydration at pH 9.5, where Zn.LS1 > Co.LS1 > Cu.LS1. The order of catalysis supports a prior 
study where the strength of bicarbonate binding to the transition metal centres was reported 
as Ni > Cu > Co > Zn [165]. Tighter binding would result in slower catalysis, for both CO2 
hydration and HCO3- dehydration, which can be observed from Table 5.2 and Table 5.3, and 
could explain why no activity is observed for Ni.LS1. It was previously discussed, that Co 
substituted-CA had been reported to form a five-coordinate complex in equilibrium, at lower 
pHs, by binding two water molecules (see Figure 5.7). The higher dkobs observed for Co.LS1 
over Cu.LS1 at pH 6.3 does not seem to support this hypothesis. However, as the active 
species for the dehydration of HCO3- is M-OH2, then at lower pHs there will be a higher ratio 
of M-OH2:M-OH- in equilibrium, and the formation of a five-coordinated complex in 
equilibrium is less detrimental for the HCO3- dehydration reaction.  
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5.2.5. Investigating the importance of the pKa of Zn(II) mimetics on the 
interconversion of CO2/HCO3- 
The importance of the pKa of the zinc bound water molecule was investigated for a selection 
of Zn(II) azamacrocycle CA mimetics, with differing Zn-OH2 pKa values: Zn(II) 1,4,7-
triazacyclononane (pKa = 5.6), Zn(II) 1,4,7,10-tetraazacyclododecane (pKa = 7.9) and Zn(II) 
1,4,8,11-tetraazacyclotetradecane (pKa = 9.8), which are herein labelled Zn.N3, Zn.CN and 
Zn.CM respectively.  
The interconversion of CO2/HCO3- for Zn.CN has been fully characterised by Zhang et al., with 
hkobs reported from pH 6.10-9.11, and dkobs reported from pH 5.6 - 6.73 [160, 174]. However, 
the ability of Zn.N3 and Zn.CM to interconvert CO2/HCO3- have been less well characterised, 
with only hkobs values at pH 9.0 being previously reported [172]. To date, there has not been 
a comparative study of the CO2 hydration and HCO3- dehydration rates for azamacrcocycle 
complexes.  
Rates of CO2 hydration for Zn.CN, Zn.CM and Zn.N3  
The initial rates of CO2 hydration were measured and plotted for each azamacrocyle complex, 
at pH 9.5 (Figure 5.9A), pH 8.2 (Figure 5.9B), and pH 7.4 (Figure 5.9C), from which the observed 
rate constants were calculated and summarised (see Table 5.4). The corresponding initial 
rates, and the calculated observed rate constants for Zn.LS1 were added for comparison. 
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Figure 5.9: Plots of Vhyd/[CO2] against catalyst concentrations for Zn.LS1, Zn.CN, Zn.CM and Zn.N3, at A) pH 9.5 B) pH 8.2 
and C) pH 7.4. Error bars shown are standard deviation with n=6 (three independent repeats, measured in duplicate). All 
measurement were carried out 25 °C, with final concentrations of: 50 mM buffer, 6 x10-5 M indicator, 0.1 M NaClO4 and 
16.9 mM CO2. The hkobs was calculated as the slope of the plots, and the error was calculated as the deviation of the curve 
from linearity (see Table 5.4 for summary of hkobs). See methods section 5.4.3 for experimental details. 
As expected, the observed rate constants of all azamacrocycle complexes were greatest at pH 
9.5. The hkobs calculated for Zn.CN at pH 9.5 (3888 ± 240.7 M-1s-1) is in agreement with 
previously reported values of 2493 M-1s-1 at pH 9.0 [161], and 3012 M-1s-1 at pH 9.11 [160]. 
The hkobs calculated for Zn.CM at pH 9.5 (1872 ± 252.1 M-1s-1) agrees to previously reported 
values of 690 M-1s-1 at pH 9.0 [161]. Similarly, the rate constant for Zn.N3 at pH 9.5 (162.4 ± 
78.98 M-1s-1) agrees favourably to previous values of 88.3 M-1s-1 at pH 9.0 [161].  
Table 5.4: Summary of hkobs for Zn.LS1, Zn.CN, Zn.CM and Zn.N3 at pH 9.5, 8.2 and 7.4. 
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The order of catalysis at all pH values investigated was Zn.LS1 > Zn.CN > Zn.CM > Zn.N3 
(catalytic activity was not observed for Zn.N3 at pH 8.2 or pH 7.4). This chapter tests the 
hypothesis that when the pKa is below the operating pH, then the complex with the lower pKa 
will have higher rate of CO2 hydration, due to the larger ratio of Zn-OH-:Zn-OH2. This 
hypothesis holds true for Zn.CN and Zn.CM, where the rate for Zn.CM is lower, presumably 
due to the lower ratio of Zn-OH-:Zn-OH2, however, the same trend was not observed for 
Zn.N3. It would be expected that given the low pKa value of Zn.N3, it may have higher activity 
than the other catalysts investigated. Despite this hypothesis, Zn.N3 was shown to be the 
slowest catalyst. As discussed earlier, the pKa value of the mimetic is an important factor 
influencing the ratio of active species (Zn-OH-:Zn-OH2), but it is also known that more electron 
donating ligands promote higher intrinsic rate constants [161]. The catalysts intrinsic 
properties can be compared, independent of their pKa values, by calculating the pH-
independent rate constant (hkind), which given that total catalyst concentration [Mtot] is equal 
to [M-OH-] + [M-OH2], can be calculated as: 
hkind = hkobs([Mtot]/[M-OH-]) = hkobs (1 + 10pKa-pH) 
Equation 5.4: The conversion factor between hkobs and the pH-independent rate constant (hkind), where 
Vinit=kobs[Mtot][CO2], from which it can be inferred that Vinit=kind[M-OH-][CO2]. Combining the two equation, gives rise to 
hkind [161, 196].  
hkind has been used previously to convert observed rate constants to pH-independant rate 
constants [161, 196], and allows for a comparison of the intrinsic chemical properties that 
control the catalytic activity, see Table 5.5. 
Table 5.5: Comparison of the observed rate constant (hkobs) and the pH-independant rate constant (hkind) at pH 9.5 for 
Zn.LS1, Zn.CN, Zn.CM and Zn.N3. hkind was calculated using Equation 5.4. 
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When considering hkind values at pH 9.5, there is a change in the order of activity for the 
mimetics, where Zn.LS1 > Zn.CM > Zn.CN > Zn.N3. The rate constants demonstrate that Zn.LS1 
is a far superior catalyst, which has been suggested to be due to a combination of the electron 
donating ‘histidine-like’ ligands, and the ability of the three benzimidazole groups to mimic 
the ‘hydrophobic pocket’ found in native CA, which is known to provide ‘channelling’ for the 
substrate and subsequent product [172]. Interestingly, for the azamacrocycle complexes, the 
hkind reveals an order similar to that of the M-HCO3 bond lengths previously reported (where 
bond length for Zn.CM > Zn.CN > Zn.N3) [161], which is due to a decrease in electron donating 
character.  
The results suggest that intrinsic properties of the ligand, such as the electron donating 
character (which affects bond lengths and binding strengths), and the ability to provide a 
‘hydrophobic pocket’ for substrate ‘chaperoning’ to the active metal centre, are the most 
important factors for high CO2 hydration activity. The pKa of the zinc bound water molecule 
also plays an important determining factor in the rate of turnover, as it determines the 
quantity of active species at the operating pH. This can be explained best by Zn.CM, which 
although has weaker bicarbonate binding (and hence releases the product faster), the high 
pKa of the mimetic means that at operating pHs, this mimetic is a poorer catalyst, due to the 
lower ratio of Zn-OH-. The importance of the pKa of the zinc bound water molecule can also 
be observed at pH 7.4, where the catalytic rate of Zn.LS1 and Zn.CN are almost similar, which 
due to the higher pKa of Zn.LS1, can be attributed to the lower ratio of Zn-OH-:Zn-OH2.  
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Rates of HCO3- dehydration for Zn.CN, Zn.CM and Zn.N3 
The initial rates of HCO3- dehydration were measured and plotted for each azamacrocyle 
complex, at pH 6.3 (Figure 5.10A), pH 7.4 (Figure 5.10B), and pH 8.2 (Figure 5.10C), from which 
the observed rate constants were calculated and summarised (see Table 5.6). The 
corresponding initial rates, and the calculated observed rate constants for Zn.LS1 were added 
for comparison. 
Figure 5.10: Plots of Vdehyd/[NaHCO3] against catalyst concentrations, at A) pH 6.3 B) pH 7.4 and C) pH 8.2. Error bars shown 
are standard deviation with n=6 (three independent repeats, measured in duplicate). All measurement were carried out 
25 °C, with final concentrations of: 50 mM buffer, 6 x10-5 M indicator, 0.1 M NaClO4. The final concentration of NaHCO3 
varied for each pH range studied: 12 mM at pH 6.3, 30 mM at pH 7.4, and 40 mM at pH 8.2. The dkobs was calculated as the 
slope of the plots, and the error was calculated as the deviation of the curve from linearity (see Table 5.6 for summary of 
dkobs). See methods section 5.4.3 for experimental details.  
The same order of catalytic activity for the CA mimetics reported for the hydration of CO2, 
was observed for the dehydration of HCO3- at pH 6.3 and 7.4, where Zn.LS1 > Zn.CN > Zn.CM. 
However, at pH 8.2, there was a low dkobs for Zn.CN, and the order of activity became Zn.LS1 
> Zn.CM > Zn.CN. The results suggest that at pH 8.2, the lower pKa value of Zn.CN (7.9), led to 
a lower ratio of Zn-OH2:Zn-OH-. No rate constants were observed for Zn.N3 at all pHs 
investigated, implying it is non-catalytic, and cannot interconvert HCO3- to CO2 at pHs ≥ 6.3. 
This is not a surprising result, given the low pKa value of the zinc bound water molecule, and 
the low proportion of the Zn-H2O species at pH 6.3, 7.4 and 8.2. The pH-independant rate 
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constants (dkind) for the dehydration of HCO3- were not reported, as they showed no 
significant discrepancies to the dkobs reported at each pH investigated.  
Table 5.6: Summary of dkobs for Zn.LS1, Zn.CN, Zn.CM and Zn.N3 at pH 6.3, 7.4 and 8.2.  
The results from Table 5.6 suggest that the chemical factors influencing the dehydration of 
HCO3- are a balance between a high pKa value of the zinc bound water molecule, and ligand 
design (where high electron donating ligands, and bulky groups to provide a ‘hydrophobic 
pocket’, promotes faster kinetics). 
Despite the fact that dkobs could be observed at pH 7.4 and 8.2 for Zn.LS1, Zn.CN and Zn.CM, 
the dkobs < hkobs at these pHs. This means, that at the pH of the stroma, the CA mimetics tested 
within this thesis preferentially convert CO2 to HCO3-. The experiments reported within this 
chapter help to inform us about the important chemical parameters that will lead to the 
design of mimetics that can successfully and predominately interconvert HCO3- to CO2. 
5.3. Conclusions 
The observed rate constants for CO2 hydration for Cu.LS1, Ni.LS1 and Co.LS1, and the 
observed rate constants for HCO3-dehydration for Zn.LS1, Cu.LS1, Ni.LS1 and Co.LS1, were 
reported for the first time. A comparative study of the kinetic activity of a suite of CA mimetics 
with differing metal centres, revealed that Zn.LS1 was a superior catalyst, for both the CO2 
hydration and HCO3- dehydration reactions. This was attributed to i) the ability of Zn(II) to 
interconvert between coordination states, which is important for supporting the bicarbonate 
intermediate, as can be observed from Figure 5.2, and ii) through the weaker binding of HCO3- 
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to the zinc centre, than to the Co(II), Cu(II) and Ni(II) derivatives [165], which allowed for faster 
product release. Co.LS1 was shown to be a better catalyst than both Cu.LS1 and Ni.LS1, which 
was attributed to the similar chemistry of Co(II) and Zn(II).  
Ligand design was demonstrated to be the most important factor affecting catalysis, and it 
was shown that an increase in the electron donating ability of the ligands led to an increase 
in the rate of catalysis, presumably by increasing the Zn-HCO3- bond lengths [161]. Zn.LS1 was 
shown to be a superior catalyst to the azamacrocycle complexes, for both CO2 hydration and 
HCO3- dehydration, which was attributed to the ‘hydrophobic pocket’ created by the 
benzimidazole rings, for ‘channelling’ of the substrate to the active site [172]. The pKa of the 
mimetics was revealed as an important factor for influencing the catalytic rate, where the 
higher pKa value of Zn.CM (pKa = 9.8) allowed for faster rates of HCO3- dehydration at pH 8.2 
than Zn.CN (pKa = 7.9), due to the higher ratio of Zn-OH2 in solution. Furthermore, higher pKa 
values help to limit the competing CO2 hydration reaction, when the operating pH was below 
the pKa of the mimetic. This was demonstrated for Zn.CM, where the pH-independent rate 
constant calculated for this mimetic suggest it should have high hkobs rates, but due to the 
high pKa values, the calculated hkobs are lower than expected.  
The focus of this thesis was to understand the chemical factors that influence the rates of 
conversion of CO2/HCO3- and to be able to understand ways in which a mimetic could be 
designed to favour the dehydration of HCO3- for future studies. It seems that the tailoring of 
a catalyst to have a high HCO3- dehydration rates, would require a balance between ligand 
design and pKa of the M-OH2. A chemical mimetic with a similar ligand design to Zn.LS1, where 
the benzimidazole rings help to provide a good channel of approach for the substrate, but 
with a higher pKa than the Zn.LS1 complex, could be a desirable target for photosynthetic 
research. 
Even though the dkobs < hkobs at pH 7.4 and pH 8.2 for Zn.LS1, Zn.CN and Zn.CM, it would be 
interesting to investigate the ability of these mimetic to affect a change in Rubisco’s activity 
(see Chapter 7), due to changes in local CO2 concentrations. This could help to offer proof of 
concept data to how CA mimetics could be utilised to perturb Rubisco’s activity.  
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5.4. Experimental and methods 
All experiments were performed on an Applied Photophysics SX20 stopped-flow 
spectrometer, and measurements made at 25 °C. All kinetic runs were measured over 60 
seconds (1000 data points taken in a logarithmic scale), and at each pH the data fitting was 
performed over the linear region of the absorbance vs time plot. Each sample was measured 
twice, in triplicate, and the initial rates for the hydration and dehydration reactions were 
calculated as explained in section 5.2.1. Briefly, Vinit= -Q(Ao-Ae)[d(ln(A-Ae))/dt] t→0 , where Q = 
buffer factor, and calculated as described below. The function [d(ln(A-Ae))/dt] t→0 was taken 
from fitting the first linear portion of the time-dependant absorbance data with a single 
exponential decay function. 
All buffers and indicators were purchased from Sigma Aldrich. All compounds investigated 
were synthesised in Chapter 4. All buffer and reagents used within the following experiments 
were incubated at 25°C in a water bath or heater block before measurements were made. All 
of the water used to make up stock solutions, and the water used as ‘blanks’, were firstly 
bubbled with N2 to remove dissolved CO2. Each complex tested was dissolved in nitrogen 
bubbled water, and further bubbled with N2 for at least 30 mins prior to use. Stock solutions 
of the complex tested were made by dissolving the complex in 0.1 M buffer (the buffer used 
was determined by which pH was being investigated, see Table 5.9). 
CO2 samples were prepared by bubbling CO2 gas into a solution of water, which was incubated 
at 25 °C, for at least 2 hours. Using Henry’s constant, the stock solution of CO2 was 33.8 mM. 
For serial dilutions, the stock solution of CO2 was dissolved with N2 bubbled water.  
5.4.1. Linearity experiments to determine the final concentration of CO2 and 
NaHCO3 to use within hydration and dehydration reactions. 
The linear range for CO2/HCO3- concentrations to be used in hydration/dehydration 
experiments were calculated for each buffer-indicator pair. In a typical reaction, a syringe of 
the stopped flow instrument was filled with a solution containing buffer, indicator and sodium 
perchlorate (final concentrations were 50 mM buffer, 6 x 10-5 M indicator and 0.1 M sodium 
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perchlorate). In the other syringe, a range of CO2 concentrations (to study the hydration 
reaction) or NaHCO3 concentrations (to study the dehydration reaction) were added. Final 
concentrations of CO2 and NaHCO3 at each pH are shown see Table 5.7. 
The Vhyd and Vdehyd were calculated, and plotted against the final concentration of CO2 or 
NaHCO3. An appropriate concentration of CO2 or NaHCO3, which fell within the linear region 
of the slope was chosen for final hydration and dehydration experiments, respectively.  
Table 5.7: The final conditions for linearity experiments used to calculate the final concentration of CO2 or NaHCO3 to use 
within hydration and dehydration experiments respectively.  
5.4.2. Calculating the buffer factor (Q) for each buffer-indicator pair 
The buffer factor (change in absorbance with the addition of H+ or OH-) at each buffer-
indicator pair investigated, was measured. In a typical reaction, a syringe of the stopped flow 
instrument was filled with a solution containing buffer, indicator, sodium perchlorate, and 
mixed with another syringe containing HCl (to investigate the change in absorbance due to 
protonation) or NaOH (to investigate the change in absorbance due to deprotonation). Final 
concentrations of HCl and NaOH at each pH are shown in Figure 5.8. The solutions were made 
fresh each day, and experiments were repeated three times, on different days, in triplicate.  
The final absorbance after the addition of HCl/NaOH was plotted against the final 
concentration of HCl/NaOH, and the Q factor taken as the reciprocal of the slope. 
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Table 5.8: The final conditions for experiments used for calculating the buffer factor (Q).  
5.4.3. Measuring the rate of hydration of CO2 and the dehydration of HCO3-  
The CO2 hydration and HCO3- dehydration reaction were carried out using a ‘change in pH-
indicator’ method [108], which was adapted for the experimental needs of this chapter. In a 
typical reaction, a syringe of the stopped flow instrument was filled with a solution containing 
buffer, indicator, sodium perchlorate, and a range of sample concentrations. Buffer-indicator 
pairs with similar pKa’s to the pH being investigated were chosen. The change in absorbance 
of the indicator was measured after mixing with another syringe containing CO2 (when 
measuring CO2 hydration rates) or NaHCO3 (when measuring HCO3- dehydration rates), which 
was determined by linearity testing (see section 5.4.1). The final assay concentrations, after 
the mixing of the two syringes were: 50 mM buffer, 6 x10-5 M indicator, 0.1 M NaClO4, a range 
of sample concentrations, and a range of CO2 of NaHCO3 concentrations (see Table 5.9). 
Table 5.9: The final conditions used for measuring the rates of hydration of CO2 and the dehydration of HCO3-  
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CHAPTER 6: 
 
 
 
 
 
Probing the pH-dependant enzymological 
properties of Rubisco 
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6. Probing the pH-dependant enzymological properties of 
Rubisco 
Given the pH-dependence of the CA mimetics (see Chapter 5 ), and that the overall aim of this 
thesis is to investigate the effect of CA mimetics on the activity of Rubisco, then a deeper 
understanding of the pH-dependency of Rubisco’s enzymoloigcal properties, had to be firstly 
understood. Furthermore, as the addition of the CA mimetics may alter the CO2 concentration 
of the Rubisco assay, then it was also important to probe the response of the kinetic 
properties of Rubisco to both pH and to changes in CO2 concentrations. Additionally, this 
chapter aims to determine appropriate pH values at which to test the effect of CA mimetic on 
the activity of Rubisco (which will be investigated in Chapter 7). 
6.1. Introduction 
As was discussed in Chapter 1 (and shown in Figure 6.1), for catalysis, Rubisco needs to be 
activated by the addition of an ‘activating’ CO2 molecule at the Lys201 (K201) residue, forming 
a carbamate [36, 37]. Once carbamylated, a magnesium ion (Mg2+) can then stabilise Rubisco 
in its active form, which can bind RuBP, leading to the nucleophilic attack on ‘substrate’ CO2, 
to form two molecules of 3PGA, through a serious of well-defined steps (see Chapter 1, 
section 1.3.2). 
Figure 6.1: Mechanism for the activation of Rubisco, by the deprotonation of the Ɛ-amino group of Lysine 201, and 
subsequent carboxylation, and stabilisation by Mg2+ 
The importance of pH on Rubisco’s activity is therefore controlled by two main factors i) the 
pKa of the Ɛ-amino group of K201 (which has been reported to be between 8-9 [36, 197]), 
which needs to be deprotonated for carbamylation of Rubisco  ii) the pKa (6.3) of carbonic 
acid, which control the equilibrium between CO2 and HCO3-.  
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A decrease in the KM(CO2) at higher pHs (despite there being a lower concentration of CO2 at 
the subsequent higher pH), has led many researcher to conclude that the pH-dependency of 
Rubisco’s activity is mostly governed by the pKa of K201, with optimum pH values for Rubisco’s 
activity reported as pH 8.0 [36, 198-201]. 
The overall aim of this thesis is to investigate the activity of Rubisco in response to CA 
mimetics. Given that CA mimetics are known to alter CO2/HCO3 concentrations (which will 
vary depending on the pH being investigated [65]), then the aim of this chapter is to 
understand the effects of varying pH and CO2 concentrations on Rubisco’s activity. 
Furthermore, investigating the pH-dependent kinetics of Rubisco, would help to determine 
appropriate pH values at which to test the efficacy of the CA mimetic on the activity of 
Rubisco.  
6.2. Results and Discussion 
6.2.1. The effect of varying CO2 concentrations on the Rubisco assay, at a pH 
range of 6.5 to 9.0. 
Although it has been well documented that Rubisco’s optimal activity is about pH 8.0, due to 
the alkaline pKa of Lys201 [36, 200], this section investigates how the activity of Rubisco 
responds to both changes in pH and CO2 concentration. As discussed, the aim of this project 
is to investigate the change in Rubisco’s activity following the addition of CA mimetics, which 
should alter Rubisco’s activity by changing local CO2 concentrations. In order to understand 
the response of Rubisco’s activity to changes in CO2 and to pH (which will affect both the 
activation and catalysis of Rubisco), then the experiments carried out in this chapter take care 
to pre-incubate Rubisco at the pH and concentration of CO2 being investigated only. Therefore 
at each pH and [CO2], there will be different ratios of Lys-NH3+:Lys-NH2. 
Control experiment to test the effect of different concentration of CO2 and changes in 
pH, on Part (2) of the Rubisco assay 
Before the activity of Rubisco was investigated in response to pH and [CO2], a control 
experiment was firstly designed to be able to rule out the effect that changes in the pH and 
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increasing NaHCO3 concentrations, would have on the enzymes or substrates within Part (2) 
of the assay (see Figure 6.2). 3PGA, the product of Part (1) of the Rubisco assay, was used to 
calibrate the effects of pH and NaHCO3 concentrations on Part (2) of the reaction, see Figure 
6.3. The assay was carried out at four different pHs (pH 6.4, pH 7.4, pH 8.0 and pH 8.8), and 
concentrations of 0-60 mM NaHCO3 were added.  
Figure 6.2: Schematic of Rubisco assay, showing Part (1), the Rubisco catalysed reaction, and Part (2), which quantifies the 
amount of 3PGA formed in Part (1) by the conversion of 3PGA to G3P, through a cascade of enzymes, which can be 
monitored as the oxidation of NADH at 340 nm. See Chapter 3 for a more in depth discussion of the Rubisco assay.   
The results, shown in Figure 6.3, reveal no significant changes in the rate (∆OD/min) for Part 
(2) of the Rubisco assay, over the pH range 5.7-8.2, however, a decrease in rate at pH 8.8-9.0 
was observed. This suggests that changing the pH of Part (1) of the reaction did not affect the 
enzymes in Part (2) of the reaction over the range of pH 5.7-8.2, however, at pH 8.8-9.0, one 
or more of the enzymes activities in Part (2) of the Rubisco assay was reduced. It is likely that 
higher pHs have a detrimental effect on G3POX, as this enzyme has a low pH optimum, and 
pH tests carried out previously showed a decrease in rate of this enzymes at higher pHs (see 
Chapter 3, section 3.4.13). The change in the concentration of NaHCO3 did not affect the rate 
of the reaction at any of the pH values investigated (pH 5.7-9.0), concluding that NaHCO3 does 
not have any influence on the rate of Part (2) of the Rubisco assay.  
As tricine (the buffer employed in this assay), has a working pH range of 7.4-8.8, then a pH 
change at lower pHs was observed with the addition of NaHCO3. The ‘assay pH’, which is the 
measured pH after the addition of NaHCO3, is therefore reported for all experiments. All pHs 
reported herein will be for ‘assay pH’, unless otherwise stated. 
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Figure 6.3: Figure showing the rate of reaction of Part (2), when starting the reaction using 3PGA, over different 
concentrations of NaHCO3 (0 -60 mM) and at different starting pHs. The pH of the solutions changed after the addition of 
NaHCO3, which were measured and reported as ‘assay pH’. 1) Black columns represent assay buffered at a ‘starting pH’ of 
6.4. ‘Assay pHs’, after the addition of NaHCO3, were measured as: pH 5.74 at 0 mM, pH 5.86 at 2 mM, pH 6.85 at 10 mM, 
pH 7.35 at 40 mM and pH 7.51 at 60 mM NaHCO3. 2) Light grey column represents assay buffered at a ‘starting pH’ of 7.4. 
‘Assay pHs’, after the addition of NaHCO3, were measured as: pH 7.24 at 0 mM, pH 7.28 at 2 mM, pH 7.38 at 10 mM, pH 
7.91 at 40 mM and pH 8.05 at 60 mM NaHCO3. 3) Dark grey column represents assay buffered at a ‘starting pH’ of 8.0. 
‘Assay pHs’, after the addition of NaHCO3, were measured as: pH 7.95 at 0 mM, pH 7.95 at 2 mM, pH 7.99 at 10 mM, pH 
8.09 at 40 mM and pH 8.18 at 60 mM NaHCO3. 4) Cream columns represents assay buffered at a ‘starting pH’ of pH 8.8. 
‘Assay pHs’, after the addition of NaHCO3, were measured as: pH 8.76 at 0 mM, pH 8.76 at 2 mM, pH 8.76 at 10 mM, pH 
8.79 at 40 mM and pH 9.02 at 60 mM NaHCO3. N = 4, two biological repeats in duplicate. 
The effect of varying CO2 concentrations on Rubisco’s activity at a pH range of 6.8 to 
9.0. 
Rubisco has been previously shown to be most active at ~pH 8.0 (in the presence of 10 mM 
NaHCO3) [35], which, as discussed above, is due to the alkaline pKa of the amino group on 
K201 [35, 197]. Having validated the effect of pH and NaHCO3 on Part (2) or the reaction 
(Figure 6.3), an experiment was designed to investigate the behaviour of Rubisco’s activity at 
a range of pHs (6.8-9.0), and over a variety of NaHCO3 concentrations (0-60 mM NaHCO3), see 
Figure 6.4. In this experiment, Rubisco was activated (with 10 mM-60 mM NaHCO3, and 20 
mM MgCl2) at the pH being investigated, for 15 mins before the reaction was started. It is 
worth noting that the pHs plotted in Figure 6.4 are ‘assay pHs’, which represents the pH of 
the solution after the addition of NaHCO3. A number of interesting finding were observed: 
1. As can be seen from Figure 6.4A-F, there are two distinct behaviours observed in the 
activity of Rubisco to pH changes. One behaviour is observed for concentrations of 10-
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20 mM NaHCO3 (Figure 6.4B-D), where there is a bell shaped curve, with maximal 
activity peaking at pH 8.0; and another trend seen for concentrations of 40-60 mM 
NaHCO3 (Figure 6.4E-F), where the pH optimum is not only broadened, but there is 
also a shift in the optimum pH (pH 7.3-8.0). The results show that with the addition of 
high concentrations of NaHCO3, the pH-dependency of Rubisco’s activity becomes less 
pronounced at lower pH values. 
 
2. At ~pH 7.1, the rate was shown to double when the concentration of NaHCO3 was 
increased from 15 mM to 20 mM NaHCO3 (Figure 6.4A), which corresponds to an 
equilibrium [CO2] of 2.05 mM and 2.58 mM respectively (calculated using Henderson 
Hasselbalch equation). Additionally, it was shown that at ~pH 7.3, the rate of the 
Rubisco reaction at 10 mM NaHCO3 ([CO2] = 0.84 mM) and 20 mM NaHCO3 ([CO2] = 
1.98 mM) were similar, but Rubisco’s activity approached VMAX when the 
concentration of NaHCO3 was increased to 40 mM ([CO]2 = 3.27 mM), see Figure 6.4A.  
 
3. At 40 mM and 60 mM NaHCO3, the rate of the Rubisco assay reached maximal activity, 
even at low pHs (from pH 7.35). However, at 40 mM and 60 mM NaHCO3, the rate of 
Rubisco decreased at higher pHs (~ pH 8.2), suggesting that high concentrations of 
NaHCO3 have a detrimental effect on the Rubisco catalysed reaction at higher pHs 
(>8.2), but not at lower pHs. 
 
4. It was surprising to note that at lower pHs, maximal Rubisco activity could be obtained 
with the addition of high NaHCO3 concentrations. The results imply that at pH 7.3-8.0, 
there is no pH-dependency for Rubisco’s activity when there is a high enough 
concentration of CO2. 
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Figure 6.4: Graphs representing the pH-dependency of Rubisco at a range of NaHCO3 concentrations A) The graph 
represents an overlay of the pH dependency of Rubisco over all concentrations of NaHCO3 investigated, B) 10 mM C) 15 
mM D) 20 mM E) 40 mM F) 60 mM. G) Graph demonstrating the correlation between [CO2] and pH, on Rubisco’s activity. 
The pH was calculated using the Henderson-Hasselbalch equation. All pH values are plotted for ‘assay pH’, representing 
the pH of the samples after the addition of NaHCO3, and before the addition of Rubisco. Error bars shown are standard 
deviation with n=4 (two independent repeats, measured in duplicate). 
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As was discussed previously, the pH-dependence of Rubisco’s activation is known to control 
the optimum pH for Rubisco’s activity [197]. The state of Rubisco activation is governed by 
the equilibrium of Lys-NH2:Lys-NH3+, and therefore Lys-NH2 exists in equilibrium, even at low 
pHs. This also implies that there must be a proportion of activated Rubisco (Lys-NH-CO2-Mg2+), 
even at low pHs. As Rubisco is able to reach maximal activity at pHs values of 7.3, with 
increased CO2 concentrations (Figure 6.4E and Figure 6.4F), then by following Le Chatelier's 
principle, it suggests that as the [CO2] is increased, the equilibrium shifts to the right as the 
Lys-NH-CO2 formed is quickly stabilised by Mg2+, see Figure 6.5.  
Figure 6.5: Reaction equilibrium for the activation of Rubisco, where the equilibrium lies to the right with increased CO2 
concentrations 
The final concentration of CO2 was calculated (using the Henderson-Hasselbalch equation), 
for each data point in Figure 6.4A, and plotted against the pH (see Figure 6.4G), which 
demonstrated the correlation between pH and [CO2] for Rubisco activity. Maximal Rubisco 
activity (represented by green circle in Figure 6.4G) was reached at a range of CO2 
concentrations (0.2 mM to 4 mM), over a range of pHs (pH 7.35 to 8.17).  
Physiological chloroplast CO2 concentrations are ~ 10 µM [201], which when compared to the 
concentration of CO2 needed to reach maximal activity (3.27 mM) at pH 7.35, is more than 
300 times lower. However, the CO2 concentration within carboxysomes of cyanobacteria has 
been suggested to reach concentrations as high as up to 1-5 mM [202], which is in line with 
the concentration of CO2 needed for maximal Rubisco activity in this study. Furthermore, in 
green algae, CO2 levels in pyrenoids have been reported to be raised up to 180 times above 
the concentration in the rest of the cell [82]. The interesting results presented here, could 
help to pave the way for understanding how higher concentrations of CO2 could be utilised to 
help increase the activation state of Rubisco, and hence activity of Rubisco, which would be 
especially important when the pH of the stroma is less than optimal for Rubisco’s activation.  
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6.2.2. Probing Rubisco’s enzymological properties in response to varying 
CO2 concentrations, at pH 7.0, 7.4 and 8.0 
In order to further probe the differences seen in the rate of Rubisco at different pHs, and over 
different NaHCO3 concentrations, then Rubisco’s enzymological properties in response to 
varying CO2 concentrations were investigated. Elucidating the kinetics of Rubisco at different 
pHs (7.0, 7.4 and 8.0), would also allow for the determination of suitable pHs to investigate 
the effect of CA mimetics on the activity of Rubisco (discussed further in Chapter 7). 
It has been reported that the pH of the stroma increases from ~ pH 7.0 to pH 8.0 from night 
to day, due to illumination of the chloroplast [179, 181], and so the pH values chosen to 
investigate Rubisco’s kinetics at varying [CO2] (pH 7.0, 7.4 and 8.0), were selected to 
understand any differences in CO2 binding over this natural pH change. In order to maintain a 
fixed pH value while monitoring CO2 binding, pH buffers with the pKa values close to the pHs 
being investigated were selected (see Figure 6.6 and methods section 6.2.2 for more detail), 
which ensured that the pH change after the addition of NaHCO3 did not vary by more than 0.2 
pH units.  
The activity of Rubisco was therefore measured at pH 7.0, 7.4 and 8.0, after being pre-
incubated for 15 mins at each pH, and at each CO2 concentration being investigated (2-60 mM 
NaHCO3, and 20 mM Mg2+). The activity (µmol.min-1.mg-1) was plotted against final CO2 
concentrations (see Figure 6.6A-E), which were calculated for each sample using the 
Henderson Hasselbalch equation.  
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Figure 6.6: Determination of the enzymological properties for the binding of CO2 to Rubisco at a variety of fixed pHs, by the addition of 0, 2, 4, 6, 8, 10, 15, 20, 40 and 60 mM NaHCO3. The 
final concentration of CO2 was calculated using the Henderson Hasselbalch equation to determine [CO2] at each pH, and for each concentration of NaHCO3. The final pHs, after the addition 
of NaHCO3 did not change by more than ± 0.2. Error bars for each experiment are standard deviation with n=4 (two independent repeats, measured in duplicate). The enzymological 
properties of Rubisco were determined at, A) pH 7.0, using MOPS (pKa=7.2) as the buffer. The data could be fitted to sigmoidal kinetics. B) pH 7.4, using HEPES (pKa=7.5) as the buffer. The 
data could be fitted to a sigmoidal kinetics. C) pH 8.0, using tricine (pKa=8.1) as the buffer. The data could be fitted to Michaelis-Menten kinetics. NB. At 40 mM and 60 mM NaHCO3 the rate 
decreased, and so the plot from pH 8.0 is from 0-20 mM NaHCO3. D) A comparison of the enzymological properties for CO2 binding for pH 7.0, 7.4 and 8.0. 
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The enzymological properties of CO2 binding to Rubisco revealed a number of interesting 
findings, which are briefly summarised below, and discussed in further detail in the 
subsequent text: 
1. The kinetics of Rubisco at varying CO2 concentrations and at different pHs: The curve 
shape changed from sigmoidal to hyperbolic with increasing pH: 
a. A sigmoidal curve was displayed at pH 7.0 (Figure 6.6A)  
b. A sigmoidal curve was displayed at pH 7.4 (Figure 6.6B).  
c. A hyperbolic curve, representing Michaelis-Menten kinetics was displayed at 
pH 8.0 (Figure 6.6C).  
 
2. The VMAX [CO2] for Rubisco at different pHs: The VMAX was significantly lower at pH 7.0, 
but similar at pH 7.4 and pH 8.0: 
a. At pH 7.0, VMAX = 1.75 ± 0.19 µmol.min-1.mg-1, see Figure 6.6A.  
b. At pH 7.4, VMAX = 2.68 ± 0.20 µmol.min-1.mg-1, see Figure 6.6B. 
c. At pH 8.0, VMAX = 2.59 ± 0.22 µmol.min-1.mg-1, see Figure 6.6C (NB: The VMAX at 
pH 8.0 was calculated for concentrations of NaHCO3 up to 20 mM ([CO2] = 0.4 
mM), as the rate decreased at concentrations of 40-60 mM NaHCO3). 
 
3. The KM (CO2) for Rubisco at different pHs: The KM(CO2) was significantly different at 
each pH investigated, and the trend of increasing KM at decreasing pHs was in 
agreement with previous reports [2]: 
a. At pH 7.0, KM = 4.7 ± 0.97 mM, see Figure 6.6A. 
b. At pH 7.4, KM = 779 ± 61 µM, see Figure 6.6B. 
c. At pH 8.0, KM = 51 ± 16 µM, see Figure 6.6 (NB: The KM at pH 8.0 was calculated 
for concentrations of CO2 up to 0.4 mM, as the rate decreased at concentrations 
of 40-60 mM NaHCO3). 
The kinetics of Rubisco at varying CO2 concentrations and at different pHs 
As CO2 is required for the activation of Rubisco through the carbamylation of K201, and is also 
required for the fixation of carbon through incorporation with RuBP, then it can often be hard 
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to discriminate completely between the two processes experimentally, especially as the 
activation process is reversible. Therefore, the sigmoidal curve displayed at lower pHs (7.0 
and 7.4) could be due to the activation of Rubisco, and/or due to the catalysis of Rubisco.  
Sigmoidal kinetics have been previously observed, and negative cooperativity reported for 
CO2 [203], and Mg2+ [204] binding. However, research since has suggested that the negative 
cooperativity reported, was due to the insufficient activation of Rubisco before the rate was 
determined [36]. When Rubisco was pre-incubated with Mg2+ and CO2 for 15 mins before the 
activity was measured (correcting for total-active enzyme, not enzyme amount), then the 
reaction kinetics became less sigmoidal in behaviour [36]. This chapter aims to study the 
collective effect of varying CO2 concentrations on the activation and catalysis of Rubisco at 
differing pHs, without artificially adjusting for ‘activated enzyme’, as it is likely that the 
addition of a CA mimetics could affect both the activation and catalysis of Rubisco. Each 
sample in this experiment was therefore pre-incubated with NaHCO3 and Mg2+ for 15 mins, 
at the pH under investigation, and at each pH studied, it is likely that there are different ratios 
of Lys-NH3+ to Lys-NH2 present.  
The sigmoidal curve displayed in Figure 6.6A and Figure 6.6B, could therefore be observed 
due to the lower activation of Rubisco at low pH and low CO2 concentrations. However, it 
could also represent sigmoidal kinetics, due to either cooperativity between the eight active 
sites of Rubisco, or it could indicate that there is an allosteric binding site for CO2. It could be 
that the activation site (Lys201) acts as an allosteric regulator (at lower pHs). A recent study 
demonstrated that the SSU of Rubisco bind twice as much CO2 in comparison to the LSU, and 
that the SSU act as a reservoir for CO2 storage [34]. It could therefore also be possible that the 
SSU act as allosteric binding sites for CO2 at low pH. The presence of allosteric regulation 
and/or cooperativity is only speculative at this point. 
The hyperbolic curve shape in Figure 6.6C showed a hyperbolic curve, demonstrating 
Michealis-Menten kinetics for Rubisco at pH 8.0, which is the approximate pH at which typical 
Rubisco assays are carried out [36, 135, 142]. 
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The VMAX [CO2] for Rubisco at different pHs 
As expected, the VMAX at pH 7.0 was significantly lower than the maximal Rubisco activity 
observed at pH 8.0, see Figure 6.6D for comparison. However, the maximal activity for 
Rubisco at pH 7.4 was similar to the VMAX at pH 8.0. This may seem like a surprising result, 
given the higher proportion of Lys-NH2 to Lys-NH3+ at pH 8.0, in comparison to pH 7.4. The 
results suggest that at pH 7.4, with high enough concentrations of CO2, similar activities to 
that exhibited at pH 8.0 can be reached, see Figure 6.6D for comparison. It is likely that the 
higher CO2 concentrations promote high levels of activated Rubisco, even at pH 7.4. 
The KM [CO2] for Rubisco at different pHs 
As discussed previously, it has been well documented that the KM(CO2) decreases with 
increasing pH [197, 198], due to the higher activation state of Rubisco at pHs closer to the pKa 
of the amino group of K201. The same outcome is observed for the three pHs investigated in 
Figure 6.6. It has been suggested that if the total ‘activated enzyme’ amount had been 
corrected for at each pH investigated, rather than total enzyme amount, then similar KM  
values may have been observed [36]. However, as discussed above, the experiments in this 
chapter do not correct for total ‘activated enzyme’, and the values reported within this 
chapter are the observed KM(CO2).  
6.2.3. Probing Rubisco’s enzymological properties at varying concentrations 
of CO2, over varying pH (representing similar stromal pH changes from 
day to night) 
The Rubisco kinetic experiments shown in Figure 6.6 were carried out by varying the CO2 
concentrations at three fixed pHs (pH 7.0, 7.4 and 8.0). An additional experiment was devised 
to monitor Rubisco’s enzymological response to varying CO2 concentrations, while also 
varying the pH (7.2-8.0), in order to simulate natural stromal pH changes from night to day. 
The design of this experiment also allowed for the same buffer to be used across all data 
points, which eliminated any potential effects changing the buffer (which was needed to 
maintain a fixed pH, as in section 6.2.2) may have on Rubisco’s activity. Rubisco’s 
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enzymological properties at varying CO2 concentrations, over the pH range 7.2-8.0, are shown 
in Figure 6.7. 
Figure 6.7: Determination of the enzymological properties to varying CO2 concentrations, over a range of pHs. The final 
pHs, measured after the addition of NaHCO3: 0 mM (7.24), 2 mM (7.28), 4 mM (7.30), 8 mM (7.34), 10 mM (7.39), 15 mM 
(7.50), 20 mM (7.61), 40 mM (7.86), 60 mM (7.99). The activity was plotted for final CO2 concentration, which was 
calculated using the Henderson Hasselbalch equation to determine [CO2] at each pH, and for each concentration of 
NaHCO3. Error bars for each experiment are standard deviation with n=4 (two independent repeats, measured in 
duplicate). 
The data shown in Figure 6.7 demonstrated a sigmoidal curve shape for Rubisco’s activity, in 
response to varying CO2 concentrations, over the pH range of 7.2 to 8.0 (which simulates the 
change in the pH of the stroma from night to day [179, 181]). The KM (CO2 (867 ± 107 µM)) 
and VMAX (2.68 ± 0.33 µmol.min-1.mg-1) for the sigmoidal kinetic fit were similar to that 
reported at a fixed pH of 7.4 (see section 6.2.1, and Figure 6.6B). The slight change in curve 
shape is attributed to the different [CO2] being present in equilibrium, due to the different pH 
range, than to that for the experiment at a fixed pH of 7.4. The results confirm that a sigmoidal 
curve shape is exhibited at a fixed pH, and when varying the pH, and that the curve shape is 
not affected by the buffer used.  
6.2.4. Probing the effect of CO2 on Rubisco’s enzymological properties at 
varying pHs, and at different Mg2+ concentrations  
An illumination of the chloroplasts during the day, causes a release of Mg2+ from the thylakoid 
membranes, and subsequently induces an increase in the Mg2+ concentration within the 
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stroma [179, 205]. The cumulative total of Mg2+ in the stroma has been reported to be ~10 
mM, however, the concentration of free Mg2+ is calculated to be ~0.5 mM in the dark, and 2 
mM after illumination [206]. To probe the observed sigmoidal curve for Rubisco (shown in 
section 6.2.2 and section 6.2.3) further, then the effect of Mg2+ concentration on the 
enzymological properties of Rubisco, at varying CO2 concentrations, and at varying pH (7.2-
8.0), was investigated, see Figure 6.8A. The kinetics of Rubisco with low and high 
concentrations of MgCl2 at pH 8.0-8.2 were also investigated as a control, see Figure 6.8B.  
Figure 6.8: Determining the effect of CO2 on the enzymological properties of Rubisco at varying pHs, and at low (3 mM, 
see red squares) and high (20 mM, see green triangles) MgCl2 concentrations. A) The kinetics of Rubisco were investigated 
at the pH range of 7.2-8.0 (the low to high pH represented the natural pH change with the addition of increasing amounts 
of NaHCO3). The data was fitted to a sigmoidal curve. B) The kinetics of Rubisco were investigated at pH 8.0-8.2, and the 
data was fitted with Michaelis-Menten kinetics. Error bars for each experiment are standard deviation with n=4 (two 
independent repeats, measured in duplicate). 
The data shown in Figure 6.8A reveals that at both low (3 mM, red square) and high (20 mM, 
green triangle) concentrations of Mg2+, Rubisco exhibited sigmoidal curve behaviour with 
varying [CO2], over the pH range of pH 7.2-8.0. The KM(CO2) values for pH 7.2-8.0 (see Table 
6.1), were similar at both low (3 mM) and high (20 mM) Mg2+ concentrations, however, the 
VMAX(CO2) value was significantly lower at 3 mM MgCl2 than the VMAX(CO2) calculated at 20 
mM MgCl2. This suggests that over the pH range of 7.2-8.0, Rubisco has the same affinity for 
CO2, irrespective of Mg2+ concentrations, but that maximal activities cannot be reached at low 
(3 mM) Mg2+ concentrations. 
The enzymological properties for Rubisco at pH 8.0 differ to those observed at the pH range 
7.2-8.0, see Figure 6.8B. At both low (red square) and high (green triangle) concentrations of 
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MgCl2, Michaelis-Menten kinetics for Rubisco were exhibited at pH 8.0-8.2. In contrast to the 
results from Figure 6.8A, the KM(CO2) values (see Table 6.1) at pH 8.0-8.2 were smaller. 
Furthermore, at pH 8.0-8.2, the KM(CO2) differed by ~ a factor of 10 at low and high [Mg2+], 
meaning that Rubisco has a 10-fold higher affinity for CO2 in the presence of high [Mg2+]. The 
VMAX(CO2) values at pH 8.0-8.2 (see Table 6.1) are statistically similar at both low and high 
concentrations of Mg2+. These results are in stark contrast to the trend seen at the lower pH 
range (pH 7.2-8.0), and suggest that the kinetics for Rubisco with varying [CO2], differ with 
changes to both pH and [Mg2+]. In summary, Rubisco has a higher affinity for CO2 at higher 
pHs and at higher [Mg2+], but at lower pHs, the affinity of Rubisco for CO2 is unaffected by 
[Mg2+].  
 
 
Table 6.1: VMAX and KM 
values for CO2 binding at 
low (pH 7.2-8.0) and high 
(pH 8.0-8.2) pHs, as well as 
at low (in red) and high (in 
green) concentrations of 
MgCl2. Values calculated 
from Figure 6.8. 
 
 
6.2.5. Probing the effect of Mg2+ on Rubisco’s enzymological properties, at 
different pHs, and at different CO2 concentrations  
It was also important to understand if similar curve behaviour for Rubisco’s kinetics were 
observed at varying [Mg2+], and to understand how pH would affect Rubisco’s kinetics with 
varying [Mg2+]. Rubisco’s enzymological properties were therefore measured at various 
concentrations of Mg2+, at both low (pH 7.2-7.5) and high (pH 8.0-8.2) pH, as well as at low 
and high [CO2], see Figure 6.9. The Mg2+ dependency on the kinetics of Rubisco were 
investigated at different concentrations of CO2, due to the close relationship of the two 
Conditions 
VMAX (CO2) 
µmol.min-1.mg-1 
KM (CO2) mM 
3 mM MgCl2, pH 7.2-8.0 2.03 ± 0.15 1.29 ± 0.04 
20 mM MgCl2, pH 7.2-8.0 2.60 ± 0.26 1.21 ± 0.05 
3 mM MgCl2, pH 8.0-8.2 2.54 ± 0.29 0.18 ± 0.05 
20 mM MgCl2, pH 8.0-8.2 2.42 ± 0.11 0.019 ± 0.007 
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substrates, for activation and catalysis. Concentrations close to the KM(CO2) (red square, see 
Figure 6.9) and VMAX(CO2) (green triangle, see Figure 6.9) for pH 7.4 and pH 8.0, were selected 
for this experiment (calculated from Figure 6.6). 
The results reveal sigmoidal curve behaviour for Rubisco, in response to varying [Mg2+], at 
both high (pH 8.0-8.2) and low pHs (pH 7.2-7.5), and at low and high concentrations of CO2, 
see Figure 6.9. At high concentrations of CO2 (for both of the pH ranges tested), the sigmoidal 
curve shape is determined by only one data point, however, at lower concentrations of CO2, 
the sigmoidal shaped curve is influenced by two to three points (see Figure 6.9A and Figure 
6.9B). This suggests that at high concentrations of CO2, the sigmoidal curve shape is less 
pronounced. The findings reported in Figure 6.9 differ from the results reported for CO2 (see 
Figure 6.6), where sigmoidal curve behaviour was observed at pH 7 and 7.4, but hyperbolic 
behaviour was exhibited at pH 8.0.  
Figure 6.9: Determining the effect of Mg2+ on the enzymological properties of Rubisco at different pHs, and at low (red 
squares) and high (green triangles) CO2 concentrations The ‘low’ and ‘high’ concentrations of CO2 were determined for 
each pH investigated, from the KM and VMAX values for CO2 calculated from Figure 6.6. A) The assay was buffered using 
tricine, and the pH calculated as pH 7.2 after the addition of KM values of CO2-(1.0 mM, red sqaure) and calculated as pH 
7.5 after the addition of VMAX values of CO2 (3.6 mM, green triangle). The data was fitted with a-sigmoidal curve. B) The 
assay was buffered using tricine, and the pH calculated as pH 8.0 after the addition of KM values of CO2 (50 µM, red sqaure) 
and calculated as pH 8.2 after the addition of VMAX values of CO2 (250 µM green triangle). The data was fitted with a 
sigmoidal curve. Error bars for each experiment are standard deviation with n=4 (two independent repeats, measured in 
duplicate). 
For both pH ranges, the VMAX(Mg2+) values at low CO2 concentrations (red square, Figure 6.9) 
were similar (~1.45-1.50 µmol.min-1.mg-1), and the VMAX (Mg2+) values at high CO2 
concentrations (green triangle, Figure 6.9) were similar (2.52-2.64 µmol.min-1.mg-1), see Table 
6.2. It was also shown that at both pH ranges, the KM(Mg2+) values were higher at low CO2 
concentrations (red square, Figure 6.9), in comparison to the KM(Mg2+) values at high CO2 
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concentrations (green triangle, Figure 6.9), see Table 6.2. Rubisco’s KM(Mg2+) were similar at 
both pH 7.2 and pH 8.0, at low CO2 concentrations. At high CO2 concentrations, the KM(Mg2+) 
at pH 8.2 (2.60 ± 0.25 mM), was statistically higher than the KM(Mg2+) at pH 7.5 (2.10 ± 0.25 
mM), see Table 6.2. This suggests that at higher [CO2] and at low pHs, Rubisco has a higher 
affinity for Mg2+. 
 
 
Table 6.2: VMAX and KM 
values for Mg2+ binding at 
low (pH 7.2-7.5) and high 
(pH 8.0-8.2) pHs, as well as 
at low (red) and high (green) 
concentrations of CO2. 
Values calculated from 
Figure 6.9.  
 
 
6.2.6. Probing the effect of Mg2+ on Rubisco’s enzymological properties, at 
different pHs, and at different RuBP concentrations 
It has been reported that RuBP can chelate with stromal Mg2+, reducing the quantity of free-
RuBP available for catalysis [207]. The dependency of Mg2+ concentrations on the rate of the 
reaction were therefore investigated at low and high concentrations of RuBP (concentrations 
near KM(RuBP) and VMAX(RuBP) values), to help understand if the Mg2+ dependent kinetic 
properties of Rubisco were affected by the high RuBP concentrations (500 µM) used in the 
Rubisco assay.  
As can be illustrated from Figure 6.10, sigmoidal curve behaviour is observed in the presence 
of both 40 µM (red square, see Figure 6.10) and 500 µM (green triangle, see Figure 6.10) 
RuBP. There were no changes to the curve shape between low (Figure 6.10A) and high (Figure 
6.10B) pHs, insinuating that the sigmoidal curve observed is not dependant on pH. 
Conditions 
VMAX (Mg2+) 
µmol.min-1.mg-1 
KM (Mg2+) mM 
1.0 mM CO2, pH 7.2 1.45 ± 0.12 4.13 ± 0.49 
3.6 mM CO2, pH 7.5 2.64 ± 0.12 2.10 ± 0.25 
50 µM CO2, pH 8.0 1.50 ± 0.15 4.17 ± 0.58 
250 µM CO2, pH 8.2 2.52 ± 0.12 2.60 ± 0.22 
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Figure 6.10: Determining the effect of Mg2+ on the enzymoloigcal properties of Rubisco, at KM and VMAX values of RuBP, at 
low and high pHs A) The assay was buffered using tricine, and the pH calculated as pH 7.5 after the addition of VMAX values 
of CO2 (3.6 mM), and with the addition of KM (30 µM, red square) or VMAX (500 µM, green triangle) values of RuBP. The 
data was fitted with a sigmoidal curve. B) The assay was buffered using tricine, and the pH calculated as pH 8.2 after the 
addition of VMAX values of CO2 (250 µM CO2), and with the addition of KM (30 µM, red square) or VMAX (500 µM, green 
triangle) values of RuBP. The data was fitted with a sigmoidal curve. Error bars for each experiment are standard deviation 
with n=4 (two independent repeats, measured in duplicate). 
The KM(Mg2+) values for Rubisco were similar at pH 7.5 in the presence of limiting (30 µM) and 
saturating (500 µM) RuBP concentrtaions. Similarly, the KM(Mg2+) were comparable at pH 8.2 
at both saturating and limitng RuBP concentrations, however, the KM(Mg2+) was statistically 
greater at pH 8.2 than was observed at pH 7.5 (see Table 6.3). This indicates that Rubisco’s 
affinity for Mg2+ is greater at lower pHs (as was also observed in Table 6.2), and is independent 
of RuBP concentration. As expected, the VMAX values differed at limiting and saturating 
concentrations of RuBP, and was shown to be indepedant of pH (see Table 6.3). In summary, 
the data shown in Figure 6.10 indicates that Rubisco’s sigmoidal curve behaviour was 
independent of pH and RuBP concentration. 
 
 
Table 6.3: VMAX and KM values 
for Mg2+ binding at low (pH 
7.5) and high (pH 8.2) pHs, as 
well as at low (red) and high 
(green) concentrations of 
RuBP. Values calculated from 
Figure 6.10.  
 
 
Conditions 
VMAX (Mg2+) 
µmol.min-1.mg-1 
KM (Mg2+) mM 
30 µM RuBP, pH 7.5 0.73 ± 0.08 2.03 ± 0.32 
500 µM RuBP, pH 7.5 2.58 ± 0.16 2.06 ± 0.19 
30 µM RuBP, pH 8.2 0.69 ± 0.08 2.51 ± 0.33 
500 µM RuBP, pH 8.2 2.55 ± 0.11 2.42 ± 0.15 
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6.2.7. Probing the effect of RuBP on Rubisco’s enzymological properties at 
different pHs, and at different CO2 concentrations  
RuBP [208] and CABP [209, 210], have in the past been reported to exhibit cooperative 
binding with respect to Rubisco (from S. oleracea). However, it has since proven difficult to 
observe cooperativity for the binding of sugar phosphates in other species, which has been 
postulated to be due to the ‘inherent difficulty of determining weak negative cooperativity in 
standard kinetics’ [211]. A comparison of ancestral sequences and 3D structures of related C3 
and C4 species, highlighted positive selection on mutations that occurred from C3 to C4 
species to reduce the coupling between upper and lower active sites [211]. The study 
concluded that this was likely to have been to lower the likelihood of negative cooperativity 
[211].  
In light of the sigmoidal curve behaviour exhibited for Rubisco, when varying CO2 and Mg2+ 
concentrations, then an experiment was also designed to investigate the kinetics of Rubisco 
at varied RuBP concentrations, and at different pHs, see Figure 6.11A and Figure 6.11B. As 
CO2 is also a substrate for Rubisco catalysis, then the kinetics of Rubisco were also 
investigated at both limiting (KM(CO2), red square, see Figure 6.11) and saturating (VMAX(CO2), 
green triangle, see Figure 6.11) concentrations of CO2. 
Figure 6.11: Determining the effect of varying RuBP concentrations on Rubisco’s enzymological properties, at KM and VMAX 
values for CO2 binding, as calculated from Figure 6.6. A) The assay was buffered using tricine, and the pH calculated as pH 
7.2 after the addition of KM values of CO2-(1.0 mM, red sqaure) and the pH calculated as pH 7.5 after the addition of VMAX 
values of CO2 (3.6 mM, green triangle). The data was fitted to Michaelis-Menten kinetics. B) The assay was buffered using 
tricine, and the pH calculated as pH 8.0 after the addition of KM values of CO2 (50 µM, red sqaure) and the pH calculated as 
pH 8.2 after the addition of VMAX values of CO2 (250 µM green triangle). The data was fitted to Michaelis-Menten kinetics. 
Error bars for each experiment are standard deviation, with n=4 (two independent repeats, measured in duplicate). 
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When varying RuBP concentrations, Rubisco displayed Michaelis-Menten kinetics at low and 
high pHs, and at low and high CO2 concentrations. It is of interest to note that the KM(RuBP), 
was greater in the presence of higher [CO2] (green triangle, Figure 6.11), when compared to 
the KM(RuBP) at low [CO2], see Table 6.1. This suggests that Rubisco has a higher affinity for 
RuBP at low CO2 concentrations. The kinetics for RuBP binding were shown to be independent 
of pH. 
 
Table 6.4: VMAX and KM 
values for RuBP binding 
at low (pH 7.2-7.5) and 
high (pH 8.0-8.2) pHs, as 
well as at low (red) and 
high (green) 
concentrations of CO2. 
Values calculated from 
Figure 6.11. 
 
 
6.2.8. Summary of pH-dependency and the variation of substrate and Mg2+ 
concentrations on the enzymological properties of Rubisco  
The data from Table 6.1, Table 6.2, Table 6.3, and Table 6.4 were combined to give a summary 
of the effect that changes in pH and substrate concentrations had on the enzymological 
properties of Rubisco, see Table 6.5. A summary of the finding are listed below: 
 For the substrate CO2, the shape of the curve was pH-dependent, with Rubisco 
exhibiting sigmoidal behaviour at lower pHs, but hyperbolic behaviour (Michaelis-
Menten kinetics) at higher pHs. Rubisco’s ativity with varying [Mg2+], revealed 
sigmoidal curve behaviour at both low and high pHs. In contrast, for the binding of 
the substrate RuBP, Rubisco exhibited Michaelis-Menten kinetics at both low and high 
pHs.  
Conditions 
VMAX (RuBP) 
µmol.min-1.mg-1 
KM (RuBP) mM 
1.0 mM CO2, pH 7.2 1.93 ± 0.10 32.79 ± 5.71 
3.6 mM CO2, pH 7.5 2.62 ± 0.16 44.34 ± 6.63 
50 µM CO2, pH 8.0 1.80 ± 0.09 31.61 ± 5.71 
250 µM CO2, pH 8.2 2.61 ± 0.15 46.56 ± 6.72 
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 The effect of pH on Rubisco’s KM(CO2) and KM(Mg2+) differed, with Rubisco’s affinity 
for CO2 greater at higher pHs, but the affinity of Rubisco for Mg2+ better at low pH. 
The KM(RuBP) was unaffected by pH changes.  
 At pH 8.0, Rubisco was shown to have a higher affinity for CO2 in the presence of 
higher [Mg2+], but the KM(CO2) was unaffected by [Mg2+] at lower pHs. Additionally, it 
was shown that the affinity of Rubisco for Mg2+ was greater at higher [CO2], but 
unaffected by [RuBP]. Rubisco’s affinity for RuBP was greater at lower [CO2].  
 Rubisco’s VMAX(CO2) was affected by pH changes, but only in the presence of low Mg2+ 
concentrations.  
It appears that the enzymological properties of Rubisco with changes to pH and substrate 
concentrations are complex. Rubisco had previously been shown to display sigmoidal 
kinetics for CO2 and Mg2+ [203], which was attributed to a lower quantity of activated 
Rubisco [36]. In the data presented here, sigmoidal curve behaviour was observed for 
Rubisco at varying [Mg2+], at low pH (7.2) and at limiting [CO2], however, at the same pH 
and [CO2], Rubisco exhibited Michaelis-Menten kinetics for RuBP binding. At pH 7.2 and 
at limiting concentrations of CO2, the activation of Rubisco would be low, but the same 
limitations of Rubisco activation would be present for both Mg2+ and RuBP binding. 
Differing quantities of activated Rubisco are therefore not adequate to explain the 
sigmoidal curve behaviour exhibited for Mg2+ and CO2.  
This could suggest that the sigmoidal curves observed are due to allosteric regulation of 
Rubisco by CO2 and Mg2+, and could insinuate an allosteric binding site (which could be 
attributed to the Lys201 activation site). The sigmoidal curve may also represent 
cooperativity between the eight active sites of Rubisco, for CO2 and Mg2+. 
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Table 6.5: Summary of the effect on the enzymological properties of Rubisco, collected from the data from Table 6.1, Table 6.2, Table 6.3, and Table 6.4. 
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6.3. Conclusions  
A number of interesting conclusions can be drawn from the results in this chapter: 
1. Maximal activity could be reached at low pHs (from pH 7.35) when sufficient 
concentrations of CO2 were present. This suggests that despite Rubisco’s activity being 
limited by activation, maximal activity can be reached at high CO2 concentrations 
(Figure 6.4), due to the shift in the activation equilibrium (Figure 6.5). These 
interesting findings may help to pave the way to help understand how the activity of 
Rubisco could be increased by the addition of higher concentrations of CO2 at lower 
pHs. This is of particular importance for this thesis, as these results help to 
demonstrate how CO2 delivery tools could be utilised for helping towards increasing 
Rubisco’s efficiency, when Rubisco’s activity and/or activation is limited by CO2 
concentrations. 
2. The kinetics of Rubisco for CO2 were shown to be pH-dependant, with sigmoidal 
behaviour exhibited at lower pHs (pH 7.0 and 7.4), but Michaelis-Menten kinetics 
observed at pH 8.0 (Figure 6.6). As expected, the KM (CO2) dramatically decreased with 
increasing pH, however, the VMAX for Rubisco at pH 7.4 was similar to the VMAX at pH 
8.0, with the addition of higher concentrations of CO2. These interesting findings may 
also help to pave the way to help understand how the activation and catalysis of 
Rubisco could be increased by the addition of higher concentrations of CO2 at lower 
pHs. 
3. The enzymological properties of Rubisco at varying pHs, for CO2, Mg2+ and RuBP 
binding, revealed: i) sigmoidal kinetics for CO2 at low pH ii) sigmoidal kinetics for Mg2+ 
at both low and high pH, and iii) Michaelis-Menten kinetics for RuBP at low and high 
pH. Sigmoidal curves behaviour has been previously reported for CO2 and Mg2+ 
binding, but was attributed to different states of activated Rubisco [36, 203]. Differing 
quantities of activated Rubisco are not adequate to explain the sigmoidal curve 
behaviour exhibited for Mg2+ and CO2, as under the same conditions, Rubisco showed 
Michaelis-Menten kinetics for RuBP binding. This could suggest that the sigmoidal 
curves observed are due to allosteric regulation of Rubisco by CO2 and Mg2+, and could 
172 
 
insinuate an allosteric binding site (which could be attributed to the Lys201 activation 
site, or potentially the small subunits, which were reported to act as CO2 ‘storage 
reservoirs’[34]). The sigmoidal curve could also represent cooperativity between the 
eight active sites of Rubisco for CO2 and Mg2+. Further experimental probing is needed 
to elucidate the sigmoidal kinetics further. 
4. This focus of this thesis was to explore the ability of CA mimetics to affect Rubisco’s 
activity. Due to the pH-dependency of the CA mimetics, it would be advantageous to 
study the activity of Rubisco following the addition of the mimetics at different pH 
values. A Rubisco assay control at pH 8.0 will be used to study the effect of the 
mimetics, and a lower pH value will also be selected, due to the higher rates of 
interconversion of HCO3- to CO2 at lower pHs. The work in this chapter allowed for the 
kinetic study of Rubisco’s properties over the range of pH 7.2-8.0, and KM and VMAX 
values for CO2, Mg2+ and RuBP were calculated. Therefore, appropriate pH values were 
chosen as pH 7.2 (with KM values of CO2 (~1.0 mM)), and at pH 8.0 (with KM values of 
CO2 (~50 µM)).  
6.4. Experimental and Methods 
Rubisco was purified using ion exchange chromatography, as described in Chapter 2, section 
2.4.9. BRANDplates®384 µL pureGradeTM were used. All other chemicals and enzymes were 
obtained from Sigma, except phosphoglycerate kinase (PGK) was given as a gift by Lok Hang 
Mak. All graphs were produced using GraphPad Prism 6. All Rubisco assays were performed, 
unless specified, by incubation of all buffers at 25°C, and with the measurements also 
recorded at 25°C. All of the following assays were carried out using the 384 well plate, stopped 
Rubisco assay, see Figure 6.12, and any changes are highlighted for each individual 
experiment.  
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Figure 6.12: Schematic for the 384-well plate stopped Rubisco assay developed in Chapter 3. 
In a typical experiment 10 µL Rubisco and 10 µL of initial buffer were incubated for 15 mins 
in a 96 well plate, after which 10 µL of RuBP was added to start the reaction [Final 
concentrations for Rubisco assay in 30 µL total volume were 500 µM RuBP, 0.02 mg/mL 
Rubisco, 100 mM tricine (pH 8.0/NaOH), 20 mM MgCl2, 2 mM EDTA and 10 mM NaHCO3.] 
After 60 seconds, 10 µL of absolute ethanol was added to stop the reaction. After 5 mins 20 
µL of the reaction mixture was transferred to a 384 well plate, and 20 µL of determination 
buffer was added [final concentrations in 40 µL were 1.88 units/mL PGK, 3 units/mL GAPDH, 
2.5 units/mL G3PDH-TPI, 100 units/mL G3POX, 700 units/mL catalase, 3 mM ATP, 1 mM 
NADH, 11 mM MgCl2 (including carryover of 10 mM from Part (1)) 60 mM tricine (pH 8.0, 
NaOH)]. The rates of reaction were calculated as the maximum decrease of absorbance over 
time (OD.min-1).  
The rates were displayed as ∆OD/min, or converted to activity, where ∆OD/min was 
calculated as µmol 3PGA, by use of a calibration curve (see Chapter 3), and final activities 
reported as µmol.min-1.mg-1. 
6.4.1. The effect of varying CO2 concentrations on the Rubisco assay, at a pH 
range of 6.5 to 9.0. 
Control experiment to test the effect of different concentration of CO2 and changes in 
pH, on Part (2) of the Rubisco assay 
The rate was investigated as reported above, starting the reaction using 3PGA (final 
concentration of 0.25 nmol), however, the pH of the initial buffer was varied by the addition 
of tricine at pH 6.4, 7.4, 8.0 and 8.8. At each pH, the rate was investigated at a range of 
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NaHCO3 concentrations, with final concentrations of 0, 2, 10, 40, 60 mM. The activity was 
reported as ∆OD/min.  
The effect of varying CO2 concentrations on Rubisco’s activity at a pH range of 6.8 to 
9.0. 
The activity of Rubisco was investigated as reported above, however, the pH of the initial 
buffer was varied, by the addition of tricine at pH 5.5, 6.0, 6.4, 7.4, 8.0 and 9.0. At each pH, 
the activity of Rubisco was investigated at a range of NaHCO3 concentrations, with final 
concentrations of 0, 10, 15, 20, 40 and 60 mM. The final pH, after the addition of NaHCO3 was 
plotted against the rate. The activity was reported as ∆OD/min. 
6.4.2. Probing Rubisco’s enzymological properties in response to varying 
CO2 concentrations, at pH 7.0, 7.4 and 8.0 
The enzymological properties of CO2 binding was investigated at three different pH values, 
over a range of NaHCO3 concentrations [final concentrations were 0, 2, 4, 8, 10, 15, 20, 40, 60 
mM). pH buffers with similar pKa values to the pHs being investigated were selected (pH 7.0, 
MOPS (pKa=7.2); pH 7.4, HEPES (pKa=7.5); pH 8.0, tricine (pKa=8.1)).  
Rubisco was pre-activated with initial buffer for 15 mins and the reaction started with the 
addition of RuBP [Final concentrations for Rubisco assay in 30 µL total volume were 500 µM 
RuBP, 0.02 mg/mL Rubisco, 100 mM buffer, 20 mM MgCl2, 2 mM EDTA and a variety of 
NaHCO3 concentrations]. The remainder of the assay was carried out as before. The activity 
was reported as µmol.min-1.mg-1. 
6.4.3. Probing Rubisco’s enzymological properties at varying concentrations 
of CO2, over varying pH (representing similar stromal pH changes from 
day to night) 
The enzymological properties of CO2 binding was investigated over a range of NaHCO3 [final 
concentrations of 0, 2, 4, 8, 10, 15, 20, 40, 60 mM]. Tricine was initially buffered at pH 7.0, 
and the ‘assay pH’, after the addition of NaHCO3, was measured.  
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Rubisco was pre-activated with initial buffer for 15 mins and the reaction started with the 
addition of RuBP [Final concentrations for Rubisco assay in 30 µL total volume were 500 µM 
RuBP, 0.02 mg/mL Rubisco, 100 mM tricine (initially buffered at pH 7.4), 20 mM MgCl2, 2 mM 
EDTA and a variety of NaHCO3 concentrations]. The remainder of the assay was carried out as 
before, and the activity was reported as µmol.min-1.mg-1. 
6.4.4. Probing the effect of CO2 on Rubisco’s enzymological properties at 
varying pHs, and at different Mg2+ concentrations  
The enzymological properties of CO2 binding was investigated over a range of NaHCO3 [final 
concentrations of 0, 2, 4, 8, 10, 15, 20, 40, 60 mM]. The activity measurements were carried 
out at low pH and at high pH, at both low (KM) and high (VMAX) concentrations of MgCl2 in the 
initial buffer [final assay conditions in 30 µL were: 0.02 mg/mL Rubisco, 500 µM RuBP, 100 
mM tricine (pH 7.0, or pH 8.0), (3 or 20 mM MgCl2), 2 mM EDTA and a range of NaHCO3 
concentrations]. The activity was reported as µmol.min-1.mg-1. 
6.4.5. Probing the effect of Mg2+ on Rubisco’s enzymological properties, at 
different pHs, and at different CO2 concentrations  
The enzymological properties of Mg2+ binding was investigated over a range of MgCl2 
concentrations [final concentrations of 0, 2, 3, 5, 8, 10, and 20 mM]. The activity 
measurements were carried out at low pH and at high pH, at both low (KM) and high (VMAX) 
concentrations of NaHCO3  
For low pH measurements, 10 µL Rubisco and 10 µL of initial buffer were incubated for 15 
mins in a 96 well plate, after which 10 µL of RuBP was added to start the reaction [final assay 
conditions in 30 µL were: 0.02 mg/mL Rubisco, 500 µM RuBP, 100 mM tricine (pH 7.0), a range 
of MgCl2 concentrations, 2 mM EDTA, and either 9 mM (KM) or 60 mM (VMAX) NaHCO3]. The 
‘assay pH’ was 7.2 and 7.5, after the addition of 9 mM and 60 mM NaHCO3 respectively. 
For high pH measurements, 10 µL Rubisco and 10 µL of initial buffer were incubated for 15 
mins in a 96 well plate, after which 10 µL of RuBP was added to start the reaction [final assay 
conditions in 30 µL were: 0.02 mg/mL Rubisco, 500 µM RuBP, 100 mM tricine (pH 8.0), a range 
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of MgCl2 concentrations, 2 mM EDTA, and either 2 mM (KM) or 20 mM (VMAX) NaHCO3]. The 
‘assay pH’ was 8.02 and 8.2, after the addition of 2 mM and 20 mM NaHCO3 respectively. 
After 60 seconds, the assay was stopped with ethanol, and the assay carried out as described 
previously. The activity was reported as µmol.min-1.mg-1. 
6.4.6. Probing the effect of Mg2+ on Rubisco’s enzymological properties, at 
different pHs, and at different RuBP concentrations 
The enzymological properties of Mg2+ binding was investigated over a range of MgCl2 
concentrations [final concentrations of 0, 2, 3, 5, 8, 10, and 20 mM]. The activity 
measurements were carried out at low pH and at high pH, at both low (KM) and high (VMAX) 
concentrations of RuBP. 
For low pH measurements, 10 µL Rubisco and 10 µL of initial buffer were incubated for 15 
mins in a 96 well plate, after which 10 µL of RuBP was added to start the reaction [final assay 
conditions in 30 µL were: 0.02 mg/mL Rubisco, 30 µM (KM) or 500 µM (VMAX) RuBP, 100 mM 
tricine (pH 7.0), a range of MgCl2 concentrations, 2 mM EDTA, and 60 mM (VMAX) NaHCO3]. 
The ‘assay pH’ was 7.5, after the addition of 60 mM NaHCO3. 
For high pH measurements, 10 µL Rubisco and 10 µL of initial buffer were incubated for 15 
mins in a 96 well plate, after which 10 µL of RuBP was added to start the reaction [final assay 
conditions in 30 µL were: 0.02 mg/mL Rubisco, 30 µM (KM) or 500 µM (VMAX) RuBP, 100 mM 
tricine (pH 8.0), a range of MgCl2 concentrations, 2 mM EDTA, and 20 mM (VMAX) NaHCO3]. 
Final ‘assay pH’ was pH 8.2, after the addition of 20 mM NaHCO3. 
After 60 seconds, the assay was stopped with ethanol, and the assay carried out as described 
previously. The activity was reported as µmol.min-1.mg-1. 
6.4.7. Probing Rubisco’s enzymological properties for RuBP binding at 
different pHs and at different concentrations of NaHCO3 
The enzymological properties of RuBP binding was investigated over a range of RuBP 
concentrations [final concentrations of 0, 10, 20, 40, 80, 150, 300 and 500 µM]. The activity 
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measurements were carried out at low pH and at high pH, at both low (KM) and high (VMAX) 
concentrations of CO2. 
For low pH measurements, 10 µL Rubisco and 10 µL of initial buffer were incubated for 15 
mins in a 96 well plate, after which 10 µL of RuBP was added to start the reaction [final assay 
conditions in 30 µL were: 0.02 mg/mL Rubisco, a range of RuBP concentrations, 100 mM 
tricine (pH 7.0), 1 mM MgCl2, 2 mM EDTA, and either 9 mM (KM) or 60 mM (VMAX) NaHCO3]. 
The ‘assay pH’ was 7.2 and 7.5, after the addition of 9 mM and 60 mM NaHCO3 respectively. 
For high pH measurements, 10 µL Rubisco and 10 µL of initial buffer were incubated for 15 
mins in a 96 well plate, after which 10 µL of RuBP was added to start the reaction [final assay 
conditions in 30 µL were: 0.02 mg/mL Rubisco, a range of RuBP concentrations, 100 mM 
tricine (pH 8.0), 1 mM MgCl2, 2 mM EDTA, and either 2 mM (KM) or 20 mM (VMAX) NaHCO3]. 
The ‘assay pH’ was 8.0 and 8.2, after the addition of 2 mM and 20 mM NaHCO3 respectively. 
After 60 seconds, the assay was stopped with ethanol, and the assay carried out as described 
previously. The activity was reported as µmol.min-1.mg-1. 
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Testing the effect of carbonic anhydrase 
mimetics on the activity of Rubisco 
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7. Investigating the effect of carbonic anhydrase mimetics on 
the activity of Rubisco 
A suite of CA mimetics were synthesised in Chapter 4, and kinetically characterised by stopped 
flow (see Chapter 5), demonstrating their ability to interconvert CO2/HCO3-. This chapter 
investigates the ability of a selection of CA mimetics (Zn.LS1, Zn.CN and Zn.CM) to affect 
Rubisco’s activity.  
7.1. Introduction 
This thesis aims to chemically mimic the catalytic role of native CA through the use of small 
metal-ligand complexes (see Chapter 4), and to investigate their ability to alter Rubisco’s 
activity. This approach is inspired by natural carbon concentrating mechanisms present in 
cyanobacteria and unicellular algae [60], where they utilise CA to increase local CO2 
concentrations around Rubisco (see Chapter 1, section 1.4.2).  
Stopped flow spectroscopy (Chapter 5) revealed the rates of CO2 hydration and HCO3- 
dehydration for a suite of CA mimetics. The interconversion rates for CO2 to HCO3- were 
shown to be greatest at pH 9.5, but the observed rate constants for the hydration of CO2 
(hkobs) were also high at pH 8.2, and pH 7.4. The rates for the interconversion of HCO3- to CO2 
were shown to be highest at lower pHs (6.3-7.4). Interestingly, for three of the CA mimetics 
under investigation (Zn.LS1, Zn.CN and Zn.CM), observed rate constants for the dehydration 
of HCO3- (dkobs) were also reported at pH 8.2, which is close to the pH optimum of Rubisco 
(see Chapter 6).  
From the suite of CA mimetics synthesised and kinetically characterised, Zn.LS1, Zn.CN and 
Zn.CM exhibited the highest rates of HCO3- dehydration, and as such, were selected for in 
vitro studies, to probe their ability to perturb Rubisco’s activity.  
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7.2. Results and discussion 
As discussed above, the CA mimetics were shown to be pH-dependent (from stopped flow 
data in Chapter 5), and so their ability to alter Rubicso’s activity was also probed at different 
pH values. A pH of 8.0 was selected, as typical Rubisco assays are carried out at this pH [109, 
135], and the enzymological properties of Rubisco to changes in CO2 concentrations were 
probed at pH 8.0 in Chapter 6. A lower pH value was also selected, to favour the ability of the 
CA mimetic to interconvert HCO3- to CO2. In Chapter 6, after being inspired by the natural pH 
change of the stroma in C3 plants (pH 7 to pH 8 from night to day [179]), the enzymological 
properties of Rubisco were measured at a variety of pHs (pH 7.0-8.0). Further studies were 
also carried out at pH 7.2 and pH 8.0, where Rubisco’s kinetics were probed in response to 
changes in CO2, Mg2+ and RuBP oncentrations. pH 7.2 was therefore also chosen to monitor 
the rate of the Rubisco assay, following the addition of CA mimetics. 
The hkobs was higher than the dkobs at pH 7.4 and pH 8.2 for all three mimetics (Zn.LS1, Zn.CN 
and Zn.CM, see Chapter 5), and the extent to which the two rate constants differed was 
calculated for each mimetic at both pHs (see Table 7.1). This chapter helps to understand if 
the difference in the interconversion rates of CO2/HCO3- by Zn.LS1, Zn.CN and Zn.CM, can 
cause differing changes to Rubisco’s activity.  
Table 7.1: Table showing the difference in the observed rate constants for CO2 hydration (hkobs), and HCO3- dehydration 
(dkobs,) for Zn.LS1, Zn.CN and Zn.CM at pH 8.2 and pH 7.4. Calculated from stopped flow data in Chapter 5. 
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7.2.1. The effect of Zn.LS1 on Rubisco’s activity 
Zn.LS1 was shown to have the highest CO2 hydration and HCO3- dehydration rates from the 
suite of CA mimetics tested within this thesis (Chapter 5, section 5.2.4). As the other metal 
derivatives of this complex (Cu.LS1, Ni.LS1 and Co.LS1), exhibited lower rates of hydration and 
dehydration for CO2/HCO3 respectively, it was decided to probe only the efficacy of the zinc 
derivative to alter Rubisco’s activity.  
Testing the effect of Zn.LS1 on Part (2) of the Rubisco assay at pH 8.0 and pH 7.2  
Before Zn.LS1 was studied for its ability to affect Rubisco’s activity, controls were first 
designed to investigate any impact the mimetic could have on any of the enzymes or 
substrates in Part (2) of the Rubisco assay (see methods section for assay scheme, Figure 
7.11). The Zn.LS1 complex was added to a fixed amount of 3PGA (at pH 8.0 and pH 7.2), and 
the rate of the reaction (∆OD/min) was monitored, see Figure 7.1.  
Figure 7.1: Graph showing the effect of 0 mM to 9.99 mM Zn.LS1 on the activity of enzymes and substrates in Part (2) of 
the Rubisco assay at pH 8.0 and pH 7.2. The reaction was started by the addition of a fixed amount of 3PGA, by eliminating 
Rubisco from the reaction. As discussed in Chapter 3, the Rubisco assay monitors the oxidation of NADH at 340 nm, and 
the rate of the reaction within this chapter refers to ∆OD/min (see methods section 7.4.1 for experimental details). * p-
value < 0.05, **p-value < 0.01, which were calculated in comparison to the control (0 mM). NB, n = 4, two biological repeats 
in duplicate.  
As can be observed from Figure 7.1, there was a significant decrease in the rate of the Rubisco 
assay with the addition of 6.66 mM Zn.LS1 at pH 8.0, with the decrease in rate becoming more 
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significant at 9.99 mM ZnLS1. Similarly, at pH 7.2, significant losses were observed with the 
addition of 6.66 mM and 9.99 mM Zn.LS1. The rate of the reaction between pH 7.2 and pH 
8.0 from 0.33 mM to 9.99 mM Zn.LS1 was deemed to be significantly similar.  
It was shown in Chapter 6, that changes in CO2/HCO3 concentrations did not result in rate 
changes for Part (2) of the Rubisco assay, between pH 5.7 and 9.0, and so it is very unlikely 
that the decrease in rate due to the addition of Zn.LS1 to Part (2) of the assay is due to changes 
in CO2/HCO3- brought about by the catalytic nature of this mimetic. It is therefore likely that 
the change in rate due the addition of Zn.LS1 on Part (2) of the assay, is either due to 
interactions/binding of the mimetic to one or more enzymes within the cascade, or due to 
free zinc and/or free ligand having a detrimental effect on the enzymes activities. The high 
association constant (log Ka = 9.6) for Zn.LS1 [172] makes this complex relatively stable. 
However, given the high concentrations of Zn.LS1 used within this study, then it is likely that 
the concentration of free zinc/ligand, could be contributing towards the decrease in the rate 
of the reaction observed at 6.66 mM and 9.99 mM Zn.LS1. It is possible that the free zinc 
could displace essential Mg2+ ions needed for catalysis of phosphoglycerate kinase (see 
Chapter 3). The control in Figure 7.1 allows for the quantitative loss of activity due to the 
addition of Zn.LS1 on Part (2) of the assay, and as such, these losses can be taken into account 
when calculating significant losses due to the addition of Zn.LS1 to the Rubisco catalysed 
reaction.  
Investigating the effect of Zn.LS1 on the Rubisco catalysed reaction at pH 8.0. 
The ability of Zn.LS1 to affect Rubisco’s activity at pH 8.0 was investigated, by its addition to 
the Rubisco catalysed reaction at concentrations ranging from 0 mM to 9.99 mM, and by 
monitoring the associated change in rate. As can be seen from Figure 7.2, there was a 
significant reduction in reaction rate with the addition of 0.33 mM to 9.99 mM Zn.LS1 (~7% 
to 91%, respectively, see Table 7.2 for full summary of losses).  
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Due to the difference in hydration and dehydration kobs at pH 8.2 for Zn.LS1 (569.4 ± 34.59 M-
1s-1 as shown in Table 7.1), then it was expected that the mimetic would reduce the available 
pool of CO2 at pH 8.0, therefore decreasing the activity of Rubisco. The loss in activity could 
also be partially due to the dissociation of the Zn.LS1 complex, with the free zinc and free 
ligand having detrimental effects on Rubisco’s activity. To be able to rule this out, controls 
using free ligand and free zinc were carried out, where LS1 and Zn(ClO4)2 were both tested 
for their effect on the activity of Rubisco. It can be seen from Figure 7.2, that there was no 
significant changes in the rate of the Rubisco assay with the addition of LS1 (from 0.33 mM to 
6.66 mM), but a significant decrease in Rubisco activity was observed with the addition of 
9.99 mM LS1 (16.3 ± 5.7%).  
Figure 7.2: Graph representing the effect of Zn.LS1, Zn(ClO4)2 and LS1 on the activity of Rubisco at pH 8.0 (by monitoring 
the oxidation of NADH at 340 nm, see methods section 7.4.2, 7.4.3 and 7.4.4 for the addition of Zn.LS1, Zn(ClO4)2 and LS1 
respectively). * p-value < 0.05, ** p-value < 0.01, which were calculated in comparison to the controls at 0 mM. NB, n = 4, 
two biological repeats in duplicate.  
It was also noted that there was a significant decrease in Rubisco’s activity with the addition 
of 1.33 mM to 9.99 mM Zn(ClO4)2, accounting for losses of ~7% to 69% respectively (see Table 
7.2 for summary of all losses). The large decrease in activity in the presence of free zinc is not 
surprising, as it has been reported that zinc can competitively compete with Mg2+ as the 
divalent cation responsible for the activation of Rubisco to form the ternary Rubisco-CO2-M2+ 
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complex [212]. It was shown that the addition of zinc in toxic amounts (10 mM), significantly 
inhibits the carboxylation reaction, but does not affect the oxygenation reaction [213].  
Taking the loss of Rubisco’s activity with the addition of free zinc and free ligand, and loss of 
activity of Zn.LS1 on Part (2) of the assay into account, then the corrected loss due to the 
addition of Zn.LS1 to Rubisco was significant from 0.33 mM to 6.66 mM at pH 8.0 (see Table 
7.2 for a complete summary of ‘total loss’ due to Zn.LS1 on Rubisco’s activity). This can be 
seen clearly at 0.33 mM Zn.LS1, where there is a significant decrease in Rubisco’s activity due 
to the addition of Zn.LS1, but no loss exhibited for any of the controls at the same 
concentration. From 0.33 mM to 3.33 mM Zn.LS1, the total loss due to Zn.LS1 on Rubisco’s 
activity increases as expected, however, the total loss at 6.66 mM (18.9 ± 8.3%) was lower 
than at 3.33 mM (26.4 ± 5.2%), which was due to the large decrease in rate from the free zinc 
control. Interestingly, despite a loss of activity of ~91% due to the addition of 9.99 mM Zn.LS1 
to the Rubisco assay, the calculated total combined loss due to Zn.LS1 on Rubisco’s activity 
alone, could not be reported as significant, due to the high values of the controls.  
It is of note that the control experiments used to calculate the loss of activity due to free zinc 
and free ligand were done under the assumption that there was a 100% dissociation of the 
metal-ligand complex. This was done to confidently rule out the effect of free zinc, as zinc is 
toxic to Rubisco at high concentrations [212, 213]. In reality however, this is very unlikely 
given the high association constant of Zn.LS1 (log Ka = 9.6, [172]), and so the losses calculated 
for the controls of free ligand and free zinc on Rubisco’s activity, are higher than the true 
losses that would be associated with the dissociation of this complex. Taking all of the data 
for Zn.LS1 into account (see Table 7.2), it can confidently be said that at pH 8.0, and with the 
addition of 0.33 mM to 6.66 mM Zn.LS1, there was a significant loss of Rubisco activity, which 
cannot be explained by the dissociation of the complex. These results, along with the stopped 
flow data reported in Chapter 5 (which showed that at pH 8.2 the hydration of CO2 would 
outcompete the dehydration of HCO3-), are in agreement with the hypothesis set out at the 
beginning of this chapter, and suggest that the decrease in activity of Rubisco is due to a 
decrease in the concentration of CO2, which is brought about by the addition of Zn.LS1 to the 
assay. 
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Table 7.2: Table summarising the loss of rate due to the addition of 0.33 mM to 9.99 mM Zn.LS1, Zn(ClO4)2 and LS1 on the Rubisco catalysed reaction at pH 8.0, as well as the loss of rate 
due to the addition of Zn.LS1 on Part (2) of the Rubisco assay. The table also displays a ‘corrected loss for Zn.LS1 on Rubisco catalysed assay’, which is calculated as the loss due to Zn.LS1 
on Rubisco’s activity only, by subtracting the sum of the 3 controls from column 2. Only the values in black were taken into account when correcting for the controls, as the values in red 
were deemed to be statistically similar to the blank (0 mM Zn.LS1/Zn(ClO4)2/LS1). NB. n=4 (two independent repeats, measured in duplicate). The errors for columns 2-5 are displayed as 
standard deviations, while the errors in the last column were calculate as a propagation of errors. 
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Investigating the effect of Zn.LS1 on the Rubisco catalysed reaction at pH 7.2 
The effect of the CA mimetics was also probed at pH 7.2, due to the lower ratio of hkobs to dkobs 
observed at lower pHs (see Table 7.1). Zn.LS1 and the associated controls (Zn(ClO4)2 and LS1) 
were therefore added to the Rubisco assay at pH 7.2, at concentrations ranging from 0 to 9.99 
mM. As can be seen from Figure 7.3, there was a significant decrease in Rubisco’s activity with 
the addition of 0.33 mM to 9.99 mM Zn.LS1 (~14 to 100% loss of rate, see Table 7.3 for full 
summary of rate losses). It is of interest to note that the loss of Rubisco activity at pH 7.2 was 
significantly larger with the addition of Zn.LS1 than the results observed at pH 8.0, see Table 
7.2 and Table 7.3 for a comparison of losses in rate. This is highlighted best with the addition 
of 2.66 mM Zn.LS1, where the decrease in Rubisco activity at pH 7.2 was 56.7 ± 2.8%, which 
is ~2.3 fold larger decrease when compared to the loss observed at pH 8.0 (25.0 ± 3.3%). The 
results also illustrate a complete loss of Rubisco activity at pH 7.2, with the addition of 9.99 
mM Zn.LS1, whereas at pH 8.0, Rubisco has ~10% of its original activity. 
Figure 7.3: Graph representing the effect of Zn.LS1, Zn(ClO4)2 and LS1 on the activity of Rubisco (by use of the Rubisco 
assay, outlined in methods section) at pH 7.2. * p-value < 0.05, ** p-value < 0.01, which were calculated in comparison to 
the controls at 0 mM. NB, n = 4, two biological repeats in duplicate. 
The addition of free ligand at pH 7.2 illustrated a small, but significant loss of activity following 
the addition of 6.66 mM and 9.99 mM LS1. The decrease in rates are statistically similar at 
6.66 mM and 9.99 mM LS1 at both pH 7.2 and 8.0 (see Figure 7.2). 
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The addition of free zinc at pH 7.2 caused a significant decrease in Rubisco’s activity from 1.33 
mM to 9.99 mM Zn(ClO4)2 (~9% to 91% reduction in rate). It is of interest to note that the loss 
of Rubisco activity at pH 7.2 was significantly larger with the addition of free zinc, than 
observed at pH 8.0, (see Table 7.2 and Table 7.3 for comparison of losses in rate). This is 
illustrated best at 3.33 mM Zn(ClO4)2, where the decrease in Rubisco activity at pH 7.2 was 
44.7 ± 4.3%, which is ~2.1 fold larger decrease when compared to the loss observed at pH 8.0 
(21.5 ± 3.2%). Due to the similar correlation observed for the addition of Zn.LS1, where the 
loss of activity was ~2 fold higher at pH 7.2, then it could be possible that the difference in 
loss of rate for Zn.LS1 between pH 7.2 and pH 8.0, was due to higher dissociation of the Zn.LS1 
complex at lower pHs (and subsequent higher concentration of free zinc). As discussed in 
Chapter 6, the activation state of Rubsisco was lower at pH 7.2 than at pH 8.0, which could 
help to explain why free zinc has a more detrimental effect on Rubisco’s activity at lower pHs. 
At lower pHs, there would exist a higher proportion of unactivated Rubisco, and therefore a 
greater probability of Zn2+ displacing Mg2+ during the activation of Rubisco. 
Taking the losses of the controls into account, the corrected loss of rate due to the addition 
of Zn.LS1 to the Rubisco catalysed reaction, was significant between 0.33 mM and 3.33 mM. 
Despite large decreases in the activity of Rubisco due to addition of 6.66 mM and 9.99 mM 
Zn.LS1 to Rubisco (~92% and 100% respectively), the loss cannot confidently be said to be 
significant, due to the large decrease in activity due to the combination of the controls. 
As the pKa(H2O) of Zn.LS1 was reported as 8.3 [172], then it may have been expected that 
Zn.LS1 would be more potent at pH 8.0, as it is closer to the pKa of the mimetic. As was 
discussed in Chapter 5, the mimetics will be mainly protonated at pHs below the pKa, and so 
have higher rates of dehydration of HCO3- at lower pHs (dkobs for Zn.LS1 at pH 8.2 = 5.1 ± 0.5, 
and at pH 7.4 = 8.5 ± 0.6). However, the strong tendency of this mimetic to catalyse the 
hydration of CO2 (as was observed in Table 7.1), means that even at pH 7.2, a decrease in 
Rubisco’s activity was observed. The more potent effect of Zn.LS1 at lower pHs could be due 
to the free zinc in solution having a more detrimental effect on Rubisco’s activity at low pHs 
(discussed in further detail above).  
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Table 7.3: Table summarising the loss of rate due to the addition of 0.33 mM to 9.99 mM Zn.LS1, Zn(ClO4)2 and LS1 on the Rubisco catalysed reaction at pH 7.2, as well as the loss of rate 
due to the addition of Zn.LS1 on Part (2) of the Rubisco assay. The table also displays a ‘corrected loss for Zn.LS1 on Rubisco catalysed assay’, which is calculated as the loss due to Zn.LS1 
on Rubisco’s activity only, by subtracting the sum of the 3 controls from column 2. Only the values in black were taken into account when correcting for the controls, as the values in red 
were deemed to be statistically similar to the blank (0 mM Zn.LS1/Zn(ClO4)2/LS1). NB. n=4 (two independent repeats, measured in duplicate). The errors for columns 2-5 are displayed as 
standard deviations, while the errors in the last column were calculate as a propagation of errors..
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7.2.2. The effect of Zn.CN on Rubisco’s activity 
Zn.CN was shown to have a high rate of hydration at pH 8.2 (hkobs = 574.5 ± 34.6 M-1s-1) and 
pH 7.4 (hkobs = 128.3 ± 14.4 M-1s-1). At pH 8.2 and pH 7.4, Zn.CN also exhibited a rate of 
dehydration (dkobs =1.5 ± 0.3 M-1s-1 and 7.5 ± 0.8 M-1s-1 respectively), but at both pHs the rate 
for CO2 hydration outcompeted the rate for HCO3- dehydration (see Table 7.1). It was 
hypothesised that at both pH 8.0 and pH 7.2, the addition of Zn.CN would result in a decrease 
in Rubisco’s activity.  
Investigating the effect of Zn.CN on Part (2) of the Rubisco assay at pH 8.0 and pH 7.2 
Prior to the investigation of the effect of Zn.CN on Rubisco’s activity, controls were first 
designed to determine the impact that the mimetic could have on the enzymes or substrates 
in Part (2) of the Rubisco assay, see Figure 7.4.  
Figure 7.4: Graph showing the effect of 0 mM to 9.99 mM Zn.CN on the activity of enzymes and substrates in Part (2) of 
the Rubisco assay at pH 8.0 and pH 7.2. The reaction was started by the addition of a fixed amount of 3PGA, and by 
eliminating Rubisco from the reaction. * p-value < 0.05, **p-value < 0.01, which were calculated in comparison to the 
control (0 mM). NB, n = 4, two biological repeats in duplicate.  
It can be seen from Figure 7.4 that there was a significant decrease in the rate of the reaction 
for Part (2) of the Rubisco assay with the addition of 2.66 mM to 9.99 mM Zn.CN, at both pH 
7.2 and pH 8.0. At 6.66 mM ZnCN, there was a loss in the rate of the reaction by ~24%, and at 
9.99 mM ZnCN there was a decrease of ~44%. The loss of reaction rate is significant at lower 
concentrations of Zn.CN, in comparison to that observed for Zn.LS1, where a significant loss 
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of rate was only observed with the addition of 6.66 mM and 9.9 mM Zn.LS1. It can only be 
speculated to why Zn.CN is more potent to the enzymes within Part (2) of the Rubisco assay. 
It could be due to chelating effect of the macrocylce ligand (CN), and therefore, the ability of 
Mg2+ in the assay to compete with Zn2+ for binding of the ligand. As was observed in Chapter 
3, Mg2+ is essential for the stability of transition states, and catalysis, for some of the enzymes 
within the Part (2) of the Rubisco assay (especially for PGK). Therefore, a decrease in the 
concentration of Mg2+ would lead to a decrease in rate of the reaction.  
The loss of rate due to the addition of Zn.CN to Part (2) of the Rubisco assay will be taken into 
account when calculating significant losses due to the addition of Zn.CN to Rubisco alone.  
Investigating the effect of Zn.CN on the Rubisco catalysed reaction at pH 8.0 
The Zn.CN complex, and all relevant controls, were investigated for their ability to affect 
Rubisco’s activity at pH 8.0, at concentrations ranging from 0 mM to 9.99 mM. As is shown in 
Figure 7.5, there were no significant changes in the activity of Rubisco following the addition 
of free ligand, CN, at concentrations ranging from 0.33 mM to 9.99 mM. This suggests that 
CN does not chelate to Mg2+, to an extent where the decrease in Mg2+ concentration becomes 
detrimental to the activity of Rubisco.  
Figure 7.5: Graph representing the effect of Zn.CN, Zn(ClO4)2 and CN on the activity of Rubisco (by use of the Rubisco assay, 
outlined in methods section) at pH 8.0. * p-value < 0.05, ** p-value < 0.01, which were calculated in comparison to the 
controls at 0 mM. NB, n = 4, two biological repeats in duplicate. 
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There was a significant loss of Rubisco activity with the addition of 1.33 mM to 9.99 mM 
Zn(ClO4)2 (~7% to 69% respectively) at pH 8.0.  
It was noted from Figure 7.5 and Table 7.4, that there was a significant loss of Rubisco activity 
with the addition of 1.33 mM to 9.99 mM Zn.CN at pH 8.0 (from ~21% to 100% loss 
respectively). Despite the large decrease seen with the addition of free zinc and the addition 
of Zn.CN to Part (2) of the assay, the corrected loss due to the addition of Zn.CN to Rubisco 
alone, was significant from 1.33 mm to 6.66 mM (see Table 7.4 for a full summary of rates). 
As expected, the corrected loss increased with increasing concentrations of Zn.CN, from 1.33 
mM to 3.33 mM, but at 6.66 mM (28.4 ± 4.8%) the corrected loss was significantly lower than 
the value reported for 3.33 mM (40.0 ± 3.9%) Zn.CN, which was due to the high contribution 
of rate loss from the combined controls at 6.66 mM. Similar to Zn.LS1, the loss of Rubisco 
activity with the addition 9.99 mM Zn.CN could not be reported as significant, as the 
combination of free zinc (~69% loss of activity), and the loss of rate with the addition of Zn.CN 
on Part (2) of the assay (~44%) were too large.  
Interestingly, the corrected loss for Rubisco activity at pH 8.0 due the addition of Zn.CN is 
statistically higher than the loss observed for the addition of Zn.LS1 at 3.33 mM and 6.66 mM. 
A possible explanation for this result could be due to the association constants (Ka) ofthe two 
complexes, where the Ka for Zn.CN (log Ka = 16.2, [214]) is much higher than the Ka for Zn.LS1 
(log Ka = 9.6, [172]), which suggests that Zn.LS1 will be dissociated to Zn(II) and LS1 more 
readily. Once dissociated, the free zinc in solution could more readily replace Mg2+ at the 
active site of Rubisco [212, 213], not only reducing Rubisco’s activity, but also driving the 
equilibrium (Zn.LS1:LS1 + Zn(II)) towards the dissociation of Zn.LS1, and hence lowering the 
concentration of Zn.LS1 available for catalysis.  
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Table 7.4: Table summarising the loss of rate due to the addition of 0.33 mM to 9.99 mM Zn.CN, Zn(ClO4)2 and CN on the Rubisco catalysed reaction at pH 8.0, as well as the loss of rate due 
to the addition of Zn.CN on Part (2) of the Rubisco assay. The table also displays a ‘corrected loss for Zn.CN on Rubisco catalysed assay’, which is calculated as the loss due to Zn.CN on 
Rubisco’s activity only, by subtracting the sum of the three controls from column 2. Only the values in black were taken into account when correcting for the controls, as the values in red 
were deemed to be statistically similar to the blank (0 mM Zn.CN/Zn(ClO4)2/CN). NB. n=4 (two independent repeats, measured in duplicate). The errors for columns 2-5 are displayed as 
standard deviations, while the errors in the last column were calculate as a propagation of errors. 
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Investigating the effect of Zn.CN on the Rubisco catalysed reaction at pH 7.2 
To probe the effect of Zn.CN on Rubisco’s activity at lower pHs, the mimetic and its associated 
controls were added to the Rubisco assay at pH 7.2, at a range of concentrations from 0 to 
9.99 mM. There were no significant differences to the activity of Rubisco following the 
addition of free ligand, CN, across all concentrations. The addition of Zn(ClO4)2 caused a 
significantly large decrease in Rubisco’s activity from 1.33 mM to 9.99 mM (~9% to 91% loss 
respectively).  
Figure 7.6: Graph representing the effect of Zn.CN, Zn(ClO4)2 and CN on the activity of Rubisco (by use of the Rubisco assay, 
outlined in methods section) at pH 7.2. * p-value < 0.05, ** p-value < 0.01, which were calculated in comparison to the 
controls at 0 mM. NB, n = 4, two biological repeats in duplicate. 
At pH 7.2 a significant decrease was observed in the activity of Rubisco with the addition of 
1.33 mM to 9.99 mM Zn.CN (~25% to 100% respectively), which was statistically similar to 
that seen for the addition of Zn.CN at pH 8.0. This is in contrast to the values seen with the 
addition of Zn.LS1 at pH 7.2, where the rates were shown to be ~2 fold lower than the rates 
at pH 8.0. It was hypothesised in section 7.2.1, that Zn.LS1 was more potent at lower pHs, due 
to higher dissociation of the complex, and hence due to free zinc being more potent to 
Rubisco at lower pHs. However, this observation was not seen with Zn.CN, which could 
suggest that Zn.CN is more stable in solution, and does not dissociate as easily as Zn.LS1. The 
binding constant for Zn.CN is much higher than Zn.LS1 (Zn.CN = log Ka 16.2 [214], c.f. ZnLS1 = 
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log Ka 9.6 [172]), and so it is reasonable to assume there is a smaller degree of dissociation, 
and hence less free zinc in solution. 
Once the controls were taken into account, the corrected loss of rate due to the addition of 
Zn.CN on Rubisco’s activity was significant from 1.33 mM to 3.33 mM, but at 6.66 mM and 
9.99 mM, the corrected loss in rate could not be characterised as significant, due to the large 
decrease in rate calculated for free zinc. When comparing the effect of Zn.CN at pH 8.0 and 
pH 7.2, the results suggest that Zn.CN is more potent at pH 8.0, which is in line with the 
expected result, due to the pKa value of this mimetic (pKa = 7.9), and the stopped flow data 
presented in Chapter 5.  
The corrected loss for Zn.CN at pH 7.2 was statistically less than that observed for Zn.LS1 at 
pH 7.2, suggesting that Zn.LS1 is more potent than Zn.CN at pH 7.2. This is in contrast to the 
trend observed at pH 8.0, where Zn.CN was shown to be more potent. 
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Table 7.5: Table summarising the loss of rate due to the addition of 0.33 mM to 9.99 mM Zn.CN, Zn(ClO4)2 and CN on the Rubisco catalysed reaction at pH 7.2, as well as the loss of rate due 
to the addition of Zn.CN on Part (2) of the Rubisco assay. The table also displays a ‘corrected loss for Zn.CN on Rubisco catalysed assay’, which is calculated as the loss due to Zn.CN on 
Rubisco’s activity only, by subtracting the sum of the three controls from column 2. Only the values in black were taken into account when correcting for the controls, as the values in red 
were deemed to be statistically similar to the blank (0 mM Zn.CN/Zn(ClO4)2/CN). NB. n=4 (two independent repeats, measured in duplicate). The errors for columns 2-5 are displayed as 
standard deviations, while the errors in the last column were calculate as a propagation of errors.
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7.2.3.  The effect of Zn.CM on Rubisco’s activity 
In Chapter 5, Zn.CM was shown to have low rates of hydration at pH 8.2 (hkobs = 98.9 ± 25.3 
M-1s-1) and at pH 7.4 (hkobs = 21.3 ± 10.7 M-1s-1). Zn.CM also exhibited a rate of dehydration at 
pH 8.2 (dkobs = 2.4 ± 0.3 M-1s-1) and at pH 7.4 (dkobs = 6.7 ± 0.5 M-1s-1). The difference in kobs at 
pH 7.4 for Zn.CM was calculated as 24.6 ± 10.72 M-1s-1 (see Table 7.1), which was the lowest 
corrected kobs reported for the three mimetics tested within this chapter. The corrected kobs 
at pH 8.2 was calculated as 96.5 6 ± 10.72 M-1s-1 (Table 7.1), which was also the lowest kobs 
reported at pH 8.2. It would therefore be interesting to understand if these results reflect on 
the activity of Rubisco with the addition of this mimetic. It was hypothesised that the addition 
of Zn.CM at pH 7.2 would not have a significant effect on the CO2/HCO3- equilibrium.  
Investigating the effect of Zn.CM on Part (2) of the Rubisco assay at pH 8.0 and pH 7.2  
Before Zn.CM was studied for its ability to affect Rubisco’s activity, controls were first 
designed to investigate any impact that the mimetic could have on the enzymes or substrates 
in Part (2) of the Rubisco assay, see Figure 7.7.  
Figure 7.7: Graph showing the effect of 0 mM to 9.99 mM Zn.CM on the activity of enzymes and substrates in Part (2) of 
the Rubisco assay at pH 8.0 and pH 7.2. The reaction was started by the addition of a fixed amount of 3PGA, and by 
eliminating Rubisco from the reaction. * p-value < 0.05, **p-value < 0.01, which were calculated in comparison to the 
control (0 mM). NB, n = 4, two biological repeats in duplicate. 
A significant loss of rate following the addition of 2.66 mM ZnCM (~6% decrease) to 9.99 mM 
Zn.CM (~40% decrease) to Part (2) of the Rubisco assay was observed. The decrease in rate 
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due to Zn.CM on Part (2) of the Rubisco assay will be taken into account when calculating 
significant losses due to the addition of this complex when testing its effect on Rubisco’s 
activity. 
Investigating the effect of Zn.CM on the Rubisco catalysed reaction at pH 8.0 
Zn.CM, free ligand (CM), and free zinc (Zn(ClO4)2) were added to the Rubisco assay at 
concentrations of 0 mM to 9.99 mM at pH 8.0, and the activity measured, see Figure 7.8.  
Figure 7.8: Graph representing the effect of Zn.CM, Zn(ClO4)2 and CM on the activity of Rubisco (by use of the Rubisco 
assay, outlined in methods section) at pH 8.0. * p-value < 0.05, ** p-value < 0.01, which were calculated in comparison to 
the controls at 0 mM. NB, n = 4, two biological repeats in duplicate. 
It can be seen that there is no significant change in Rubisco’s activity following the addition 
of free ligand. As observed previously, there is a significant decrease in rate of the reaction 
with the addition of free zinc from 1.33 mM to 9.99 mM (~7% to 69% respectively). There is 
a significant decrease in the activity of Rubisco following the addition of Zn.CM from 3.33 mM 
to 9.99 mM, as can be observed from Figure 7.8. Despite this, the loss due to Zn.CM alone on 
the activity of Rubisco, was not significantly different to the sum of the losses from the 
controls (for a summary of all the losses, see Table 7.6). The loss of activity following the 
addition of Zn.CM, is therefore likely to be due to free zinc inhibiting the carboxylation 
reaction of Rubisco, owing to the dissociation of Zn.CM (ZnCN = log Ka 15.2, [214]), and not 
due to changes in the concentration of CO2. 
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Table 7.6: Table summarising the loss of rate due to the addition of 0.33 mM to 9.99 mM Zn.CM, Zn(ClO4)2 and CM on the Rubisco catalysed reaction at pH 8.0, as well as the loss of rate 
due to the addition of Zn.CM on Part (2) of the Rubisco assay. The table also displays a ‘corrected loss for Zn.CM on Rubisco catalysed assay’, which is calculated as the loss due to Zn.CM 
on Rubisco’s activity only, by subtracting the sum of the three controls from column 2. Only the values in black were taken into account when correcting for the controls, as the values in 
red were deemed to be statistically similar to the blank (0 mM Zn.CM/Zn(ClO4)2/CM). NB. n=4 (two independent repeats, measured in duplicate). The errors for columns 2-5 are displayed 
as standard deviations, while the errors in the last column were calculate as a propagation of errors.
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Investigating the effect of Zn.CM on the Rubisco catalysed reaction at pH 7.2 
Rubisco’s activity with the addition of Zn.CM, and the controls of free ligand (CM) and free 
zinc (Zn(ClO4)2), were investigated at pH 7.2. Similar to the results observed at pH 8.0, Figure 
7.9 reveals no change in Rubisco’s activity with the addition of free ligand. A significant 
decrease in Rubisco’s activity with the addition of free zinc was observed from 1.33 mM to 
9.99 mM (~9% to 91% respectively).  
Figure 7.9: Graph representing the effect of Zn.CM, Zn(ClO4)2 and CM on the activity of Rubisco (by use of the Rubisco 
assay, outlined in methods section) at pH 7.2. * p-value < 0.05, ** p-value < 0.01, which were calculated in comparison to 
the controls at 0 mM. NB, n = 4, two biological repeats in duplicate. 
A significant decrease in Rubsco activity was observed with the addition of Zn.CM to the 
Rubisco assay at concentrations of 3.33 mM to 9.99 mM (~22% to 85% respectively), however, 
over all concentrations, the loss of activity due to the addition of free zinc was statistically 
higher, and the corrected loss of Rubisco activity due to the addition of Zn.CM could not be 
said to be statistically higher than that of the combined loss of controls.  
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Table 7.7: Table summarising the loss of rate due to the addition of 0.33 mM to 9.99 mM Zn.CM, Zn(ClO4)2 and CM on the Rubisco catalysed reaction at pH 7.2, as well as the loss of rate 
due to the addition of Zn.CM on Part (2) of the Rubisco assay. The table also displays a ‘corrected loss for Zn.CM on Rubisco catalysed assay’, which is calculated as the loss due to Zn.CM 
on Rubisco’s activity only, by subtracting the sum of the three controls from column 2. Only the values in black were taken into account when correcting for the controls, as the values in 
red were deemed to be statistically similar to the blank (0 mM Zn.CM/Zn(ClO4)2/CM). NB. n=4 (two independent repeats, measured in duplicate). The errors for columns 2-5 are displayed 
as standard deviations, while the errors in the last column were calculate as a propagation of errors.
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At both pH 7.2 and 8.0, the addition of Zn.CM caused no significant decrease in Rubisco’s 
activity, which is consistent with the hypothesis set out at the beginning of this section, where 
it was thought that the addition of Zn.CM would not significantly affect local CO2 
concentrations. The high pKa (9.8) of this complex resulted in relatively low rates of CO2 
hydration, as well as relatively good rates of HCO3- dehydration, at pH 7.4 and pH 8.2 (Chapter 
5, section 5.2.5). The combined effect of both the hkobs and dkobs, means that at pH 7.4 and pH 
8.2, the ‘corrected kobs’ (hkobs-d dkobs, as shown in Table 7.1) are low. Furthermore, as the 
Rubisco assays are carried out at pH 7.2 and 8.0, then the corrected kobs would be even lower, 
meaning the change in CO2 would be almost negligible at pH 7.2. 
7.2.4. Testing for irreversible inhibition, or chemical modification of 
Rubisco, following the addition of CA mimetics 
The agreement of the stopped flow results presented in Chapter 5, with the trends observed 
in Rubisco’s activity following the addition of CA mimetics, suggest that the reduction in 
Rubisco’s activity (with the addition of Zn.LS1 and Zn.CN), could be due a decrease of CO2 
concentrations, brought about by the catalysis of the CA mimetics.  
It had to be ruled out that the decrease in Rubisco’s activity following the addition of CA 
mimetics, was not due to reversible inhibition, or chemical modification caused by the 
mimetics. An experiment was therefore designed to remove the CA mimetic from the Rubisco 
solution, using ultrafiltration. After the incubation of Rubisco with the mimetic (or with water 
for the control) for 5 mins, the mimetics were removed by ultrafiltration (with a nominal 
membrane molecular weight limit (NMWL) of 30 kDa). After the initial centrifugation, the 
solution was subsequently washed and centrifuged three times with buffer to remove any 
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unbound complex, following which, Rubisco was re-suspended in buffer, and the activity 
measured, see Figure 7.10. 
Figure 7.10: Graph representing the activity of Rubisco before and after the removal of the CA mimetics by ultrafiltration 
Rubisco was incubated with Zn.LS1, Zn.CN and Zn.CM at 9.99 mM, and the activity was measured before and after the 
removal of the complex (by centrifugation filtration, with NMWL of 30 kDa). The control represents the activity of Rubisco 
that was exposed to water, and then centrifuged in the same way as the samples above. See methods section 7.4.5 for 
experimental details. Error bars shown are standard deviation with n=4 (two independent repeats, measured in 
duplicate).  
As can be observed from Figure 7.10, the samples that had been treated with a concentration 
of 9.99 mM of mimetic, exhibited a large decrease in rate, however, after removal of the 
mimetics by ultrafiltration, the rate was rescued. Following the removal of the mimetics, the 
activity of Rubisco was statistically similar to the control (Rubisco treated with water instead 
of mimetic). This experiment highlights that the decrease in rate of Rubisco was not due to 
the irreversible binding of the mimetics to Rubisco. It also highlights that the compounds have 
not irreversibly altered the activity of Rubisco, through chemical modification, as Rubisco’s 
activity can be fully recovered with the removal of the compound.  
7.3. Conclusions 
The results presented within this chapter provide the first proof of concept data, to how CA 
mimetics could be used to alter CO2/HCO3- concentrations, in order to manipulate the activity 
of Rubisco. This was demonstrated by the following results: 
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1) The addition of Zn.LS1 and Zn.CN to the Rubisco assay caused significantly higher 
losses to the activity of Rubisco than the decrease in rate of their combined controls 
(i) Zn(II) mimetic of Part (2) of the Rubisco assay, ii) free zinc on Rubisco’s activity, and 
iii) free ligand on Rubisco’s activity). Given that both Zn.LS1 and Zn.CN were shown to 
have higher rates of CO2 hydration than HCO3- dehydration, at pH 7.4 and 8.2 (as 
summarised in Table 7.1), then the decrease in Rubisco’s activity was attributed to the 
decrease in CO2 concentrations, brought about by the addition of the CA mimetics. 
2) The addition of Zn.CM to the Rubisco assay did not cause a significant decrease in 
Rubisco’s activity at pH 7.2 or pH 8.0. Given the small corrected kobs (hkobs-dkobs, see 
Table 7.1) for Zn.CM, in comparison to Zn.LS1 and Zn.CN, then it is likely that the 
Zn.CM does not significantly alter the CO2 concentrations around Rubisco. 
3) The decrease in Rubisco’s activity with the addition of the CA mimetics was recovered 
after removal of the mimetics from the solution, by ultrafiltration. This suggests that 
the decrease in activity is not due to irreversible inhibition, or due to the chemical 
modification of Rubisco following the addition of the mimetics.  
The results presented within this chapter offer an insight into how chemical compounds could 
be used to potentially increase the concentration of CO2 around Rubisco. If a chemical 
mimetic could be designed to have a preference for the interconversion of HCO3- to CO2, at 
pHs ranging from pH 7 to pH 8, then there is the potential to increase the activity of Rubisco 
by increasing CO2 concentration. It is clear that the concentrations of the chemical mimetics 
needed to effect a change in Rubisco’s activity were high, and as such, the concentration of 
free zinc became detrimental to Rubisco’s activity. However, if a mimetic with a higher rate 
of catalysis could be designed, then the concentration needed could be dramatically reduced. 
Similarly, if a mimetic with higher stability could be designed, then the amount of free zinc in 
solution would be reduced.  
CA found in the carboxysomes of cyanobacteria (which are known to convert large pools of 
HCO3- to CO2 [60]) have been shown to have crystal structures containing zinc coordinated to 
two cysteine groups, and to one histidine group [215]. Current work in the Barter group is 
focusing on how nitrogen and sulphur donors influence the rates of CO2 hydration and HCO3- 
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dehydration, and how this information can be used to make a highly active mimetic, which 
favours the interconversion of HCO3- to CO2.  
7.4. Experimental and methods 
Rubisco was purified using ion exchange chromatography, as described in Chapter 2. Chemical 
mimetics were synthesised as described in Chapter 4. All other chemicals and enzymes were 
obtained from Sigma, except PGK, which was given as a gift from Lok Hang Mak. 
Centrifugation filter devices were obtained from Millipore. All graphs were produced using 
GraphPad Prism 6. Unpaired t-tests were carried out using GraphPad Prism 6, with p-values 
reported as *(<0.05) or **(<0.01).  
For all Rubisco assays, the rate was determined using a non-radioactive microplate-based 
assay, which determines the product 3-phosphoglycerate (3-PGA) through the oxidation of 
NADH by optical density measurements at 340nm at 25 °C, adapted from Sulpice et al.[135], 
see Figure 7.11.  
Figure 7.11: Schematic of Rubisco assay. Part (1) represents the Rubisco catalysed reaction, and Part (2) represents the 
cascade of enzymes to covert 3PGA to G3P. See Chapter 3 for summary of Rubisco assay.  
In order to capture any changes in Rubisco’s activity due to changes in CO2/HCO3- 
concentrations (brought about by the addition of the mimetics), then the Rubisco assay was 
carried out using KM values for CO2 (calculated as 9 mM NaHCO3 for pH 7.2, and 2 mM NaHCO3 
for pH 8.0 from Chapter 6), which would allow us to observe any change in rate due to changes 
in CO2 concentrations. 
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7.4.1. Assay to test the effect of chemical mimetics on Part (2) of the Rubisco 
assay. 
pH 7.2 
For low pH (7.2): 10 µL of 3PGA and 5 µL of initial buffer were incubated in a 96 well plate for 
15 mins, after which 5 µL of Zn.LS1/Zn.CN/Zn.CM was added. After shaking, 10 µL of RuBP 
was added to start the reaction [final concentrations of 30 µL mixture contained 0.3 nmol 
3PGA, 0-9.99 mM zinc mimetic, 100 mM tricine (pH 6.4), 20 mM MgCl2, 2 mM EDTA and 9 
mM NaHCO3, and 500 µM RuBP]. The final pH, after the addition of NaHCO3, and before the 
addition of Rubisco, was measured as pH 7.2. 
pH 8.0 
For high pH (8.0): 10 µL of 3PGA and 5 µL of initial buffer were incubated in a 96 well plate for 
15 mins, after which 5 µL of Zn.LS1/Zn.CN/Zn.CM was added. After shaking, 10 µL of RuBP 
was added to start the reaction [final concentrations of 30 µL mixture contained 0.3 nmol 
3PGA, 0-9.99 mM zinc mimetic, 100 mM tricine (pH 8.0), 20 mM MgCl2, 2 mM EDTA and 2 
mM NaHCO3, and 500 µM RuBP]. The final pH, after the addition of NaHCO3, and before the 
addition of Rubisco, was measured as pH 8.0. 
Part (2) of the Rubisco assay at both pH 7.2 and pH 8.0 
After 30 seconds 10 µL of absolute ethanol was added to stop the reaction for both low and 
high pH samples. To minimise the amount of assay enzymes used, 20 µL of the assay mixture 
was added to a 384 well plate (after 5 mins of incubation with ethanol), and 20 µL of 
determination buffer was added to start the reaction [final concentrations of enzymes and 
substrates from Part 2 of reaction in 40 µL were: 1.875 units/mL phosphoglycerate kinase 
(PGK), 3 units/mL glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 2.5 units/mL α-
glycerol-3-phosphate dehydrogenase/triose-P isomerase (G3PDH-TPI), 100 units/mL glycerol-
3-phosphate oxidase (G3POX), 700 units/mL catalase, 3 mM ATP, 0.5 mM NADH, 1 mM MgCl2, 
60 mM tricine (pH 8.0, NaOH)]. The rates of reaction were calculated as the maximum 
decrease of absorbance over time (OD.min-1)  
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7.4.2. Rubisco assay to determine the effect of chemical mimetics on the 
activity of Rubisco  
For Part (1) of the Rubisco assay at pH 7.2 
For low pH (7.2): 10 µL of Rubisco and 5 µL of initial buffer were incubated in a 96 well plate 
for 15 mins, after which 5 µL of Zn.LS1/Zn.CN/Zn.CM was added. After shaking, 10 µL of RuBP 
was added to start the reaction [final concentrations of 30 µL mixture contained 0.02 mg/mL 
Rubisco, 0-9.99 mM zinc mimetic/ligand/Zn(ClO4)2, 100 mM tricine (pH 6.4), 20 mM MgCl2, 2 
mM EDTA and 9 mM NaHCO3, and 500 µM RuBP]. The final pH, after the addition of NaHCO3, 
and before the addition of Rubisco, was measured as pH 7.2. The assay was carried out as 
above. 
For Part (1) of the Rubisco assay at pH 8.0 
For High pH (8.0): 10 µL of Rubisco and 5 µL of initial buffer were incubated in a 96 well plate 
for 15 mins, after which 5 µL of Zn.LS1/Zn.CN/Zn.CM was added. After shaking, 10 µL of RuBP 
was added to start the reaction [final concentrations of 30 µL mixture contained 0.02 mg/mL 
Rubisco, 0-9.99 mM zinc mimetic/ligand/Zn(ClO4)2, 100 mM tricine (pH 8.0), 20 mM MgCl2, 2 
mM EDTA and 2 mM NaHCO3, and 500 µM RuBP]. The final pH, after the addition of NaHCO3, 
and before the addition of Rubisco, was measured as pH 8.0. The assay was carried out as 
above.  
7.4.3. Rubisco assay to determine the effect of the ligands of the chemical 
mimetics on the activity of Rubisco  
For Part (1) of the Rubisco assay at pH 7.2 
For low pH (7.2): 10 µL of Rubisco and 5 µL of initial buffer were incubated in a 96 well plate 
for 15 mins, after which 5 µL of LS1/CN/CM was added. After shaking, 10 µL of RuBP was 
added to start the reaction [final concentrations of 30 µL mixture contained 0.02 mg/mL 
Rubisco, 0-9.99 mM ligand, 100 mM tricine (pH 6.4), 20 mM MgCl2, 2 mM EDTA and 9 mM 
NaHCO3, and 500 µM RuBP]. The final pH, after the addition of NaHCO3, and before the 
addition of Rubisco, was measured as pH 7.2. The assay was carried out as above. 
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For Part (1) of the Rubisco assay at pH 8.0 
For High pH (8.0): 10 µL of Rubisco and 5 µL of initial buffer were incubated in a 96 well plate 
for 15 mins, after which 5 µL of LS1/CN/CM was added. After shaking, 10 µL of RuBP was 
added to start the reaction [final concentrations of 30 µL mixture contained 0.02 mg/mL 
Rubisco, 0-9.99 mM zinc mimetic/ligand/Zn(ClO4)2, 100 mM tricine (pH 8.0), 20 mM MgCl2, 2 
mM EDTA and 2 mM NaHCO3, and 500 µM RuBP]. The final pH, after the addition of NaHCO3, 
and before the addition of Rubisco, was measured as pH 8.0. The assay was carried out as 
above.  
7.4.4. Rubisco assay to determine the effect of Zn(ClO4)2 on the activity of 
Rubisco  
For Part (1) of the Rubisco assay at pH 7.2 
For low pH (7.2): 10 µL of Rubisco and 5 µL of initial buffer were incubated in a 96 well plate 
for 15 mins, after which 5 µL Zn(ClO4)2 was added. After shaking, 10 µL of RuBP was added to 
start the reaction [final concentrations of 30 µL mixture contained 0.02 mg/mL Rubisco, 0-
9.99 mM zinc mimetic/ligand/Zn(ClO4)2, 100 mM tricine (pH 6.4), 20 mM MgCl2, 2 mM EDTA 
and 9 mM NaHCO3, and 500 µM RuBP]. The final pH, after the addition of NaHCO3, and before 
the addition of Rubisco, was measured as pH 7.2. The assay was carried out as above. 
For Part (1) of the Rubisco assay at pH 8.0 
For High pH (8.0): 10 µL of Rubisco and 5 µL of initial buffer were incubated in a 96 well plate 
for 15 mins, after which 5 µL of Zn(ClO4)2 was added. After shaking, 10 µL of RuBP was added 
to start the reaction [final concentrations of 30 µL mixture contained 0.02 mg/mL Rubisco, 0-
9.99 mM zinc mimetic/ligand/Zn(ClO4)2, 100 mM tricine (pH 8.0), 20 mM MgCl2, 2 mM EDTA 
and 2 mM NaHCO3, and 500 µM RuBP]. The final pH, after the addition of NaHCO3, and before 
the addition of Rubisco, was measured as pH 8.0. The assay was carried out as above.  
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7.4.5. Testing for the tight binding of the chemical mimetics using 
centrifugation filtration to remove the mimetics.  
Controls: The activity of Rubisco following the addition of Zn.LS1, Zn.CN and Zn.CM, was 
measured as stated in 7.4.2. 
For centrifugation: A solution containing Rubisco, initial buffer, and the zinc mimetic, were 
incubated for 5 mins [final concentrations in 200 µL total volume were: 0.02 mg/mL Rubisco, 
9.99 mM Zn.LS1/Zn.CN/Zn.CM, 100 mM tricine (pH 8.0), 20 mM MgCl2, 2 mM EDTA and 2 mM 
NaHCO3]. 100 µL of the mixture was added to a 0.5 mL Amicon Ultra centrifugal filter unit, 
with a NMWL of 30 kDa and centrifuged at 14 000 x g for 10 min to remove any unbound zinc 
mimetic. The solution was washed three times with the addition of ‘wash buffer’ [100 mM 
tricine (pH 8.0, NaOH), 20 mM MgCl2, 2 mM EDTA and 2 mM NaHCO3], and centrifuged 
between each wash at 14 000 x g for 10 mins. The final solution was re-suspended in ‘wash 
buffer’, to give a total volume of 100 µL.  
20 µL of the samples were added in triplicate to a 96 well plate, after which 10 µL of RuBP 
was added to each sample to start the reaction [final concentration of all components were 
0.02 mg/mL Rubisco, 9.99 mM zinc mimetic, 100 mM tricine (pH 8.0), 20 mM MgCl2, 2 mM 
EDTA and 2 mM NaHCO3, and 500 µM RuBP]. After 30 seconds 10 µL of ethanol was added to 
stop the reaction. The assay was carried out as above. 
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8. Conclusions and future work 
8.1. Isolation and kinetic characterisation of hydrophobically 
distinct populations of form I Rubisco, by the use of a rapid 
hydrophobic interaction chromatography protocol, Chapter 2 
A rapid purification method (2-3 hours) was developed that, for the first time, revealed 
hydrophobically distinct Rubisco populations. The results confirmed that the HIC protocol 
could be employed to obtain highly purified Rubisco from S. oleracea (Spinach), with kinetic 
properties in agreement with literature values from samples subjected to commonly 
employed purification protocols [112, 126]. Furthermore, the HIC protocol was utilised to 
isolate Rubisco from B. oleracea (Cabbage), revealing for the first time the kinetic properties 
of Rubisco from this species, and confirming that the hydropho bic fractions observed were 
not species specific. 
HIC is not only a valuable alternative purification method for form I Rubisco, but it also has 
the unique capability of being able to resolve distinct Rubisco populations. Since Rubisco 
isolated using HIC has similar values of purity and catalytic activity to that obtained using 
existing IEC purification methods, HIC has the potential to replace IEC, providing the 
additional benefit of avoiding high dilutions, dialysis and gel filtration chromatography. In 
addition, the ability to separate distinct Rubisco populations makes HIC a valuable method 
for Rubisco research. This is of particular importance for investigators seeking to determine 
Rubisco’s structure and interactome, since conformational alterations could significantly 
impact upon these results.  
8.1.1. Future work to further characterize hydrophobically distinct fractions 
Future work would focus on further characterisation of the hydrophobically distinct 
populations of Rubisco, to elucidate why we observe these distinct fractions. Current work 
within the Barter group is focusing on a systematic investigation of Rubisco by mass 
spectrometry to: i) characterise the different impurities found in each of the salt fractions of 
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S. oleracea, which may give insight into potential interaction partners that could then be 
further investigated, to probe their impact on the structure, function, and/or regulation of 
Rubisco, and ii) identify post-translational modifications (PTMs) of the salt fractions, to reveal 
any differences in surface hydrophobicites of the distinct Rubisco fractions. Depending on the 
type and quantity of PTMs between the Rubisco populations, then this could give insights into 
potential conformational changes of the enzyme between fractions. Native gel 
electrophoresis could also be employed to probe the molecular mass of the distinct Rubisco 
fractions, as the presence of PTMs could indicate a shift in protein mass.  
8.2. The development of a 384-well plate spectrophotometric 
Rubisco assay, Chapter 3 
A rapid, high throughput 384-well plate spectrophotometric Rubisco assay was developed 
using a 96-well plate assay reported by Sulpice et al.[135] as a template. This improved assay 
delivered data that revealed comparable kinetic properties for Rubisco from S. oleracea to 
literature values [112, 126], but also provided a robust platform for testing the efficacy of CA 
mimetics on Rubisco’s activity due to its increased sensitivity.  
8.3. The synthesis of CA mimetics, and the subsequent investigation 
into the interconversion rates of CO2/HCO3- to be utilised in 
mitigating the inefficiencies of photosynthetic CO2 fixation 
In this thesis the first known approach to using chemical tools targeted towards mitigating 
the loss of Rubisco inefficiency in photosynthetic research, are described. 
8.3.1. The synthesis and kinetic characterisation of metal derivatives of the 
ligand, LS1, for an understanding of the importance of the metal centre 
for catalysis, Chapters 4 and 5 
The already structurally and kinetically characterised CA mimetic, Zn.LS1 (which has the 
highest CO2 hydration rates reported in the literature to date [4]), was synthesised and 
characterised , along with three novel transition metal derivatives (Cu.LS1, Ni.LS1 and Co.LS1). 
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The observed rate constants for CO2 hydration (hkobs) and HCO3-dehydration (dkobs) for Cu.LS1, 
Ni.LS1 and Co.LS1, and the dkobs for Zn.LS1, were revealed for the first time. A comparative 
study of the kobs for the different transition metal complexes, revealed that Zn.LS1 was a 
superior catalyst, for both the CO2 hydration and HCO3- dehydration reactions. This was 
attributed to the ability of Zn(II) to interconvert between coordination states more easily, and 
through the potential weaker binding of HCO3- to the zinc centre, than to the Co(II), Cu(II) and 
Ni(II) derivatives [165]. This would therefore allow for faster product release. Co.LS1 was 
shown to be a better catalyst than both Cu.LS1 and Ni.LS1, which was attributed to the similar 
coordination chemistry of Co(II) and Zn(II), as well as almost identical ionic radii when in a +2 
oxidation state (88.5 pm c.f 88 pm for zinc) [157]. 
8.3.2. The synthesis and kinetic characterisation of a suite of Zn(II) CA 
mimetics with differing Zn-OH2 pKa values, to gain an insight into how 
the pKa and/or ligand design effect CO2/HCO3- interconversion rates, 
Chapters 4 and 5. 
Three known Zn(II) azamacrocycles, with a range of Zn-OH2 pKa values, were synthesised and 
characterised (Zn.N3, pKa = 5.9, Zn.CN, pKa = 7.9 and Zn.CM, pKa = 9.8) [161]. The hkobs and 
dkobs for each azamacrocycle were measured, and a comparison of the kobs against Zn.CN, 
Zn.CM, Zn.N3 and Zn.LS1 (pKa = 8.3), revealed that ligand design was the most important 
factor controlling catalysis, and that increasing the electron donating ability of the ligands led 
to an increase in the rate of catalysis for both CO2 hydration and HCO3- dehydration. The 
increase in electron-donating character can be attributed to the increase in bond length of 
the Zn-HCO3- [161], allowing for faster product release. Zn.LS1 was shown to be a superior 
catalyst in comparison to the azamacrocycle complexes, for both CO2 hydration and HCO3- 
dehydration, which was due to a combination of the high electron donating character of the 
benzimidazole ligand, and the importance of a ‘hydrophobic pocket’ for channelling the 
substrate to the active site.  
The pKa of the mimetics was revealed as an important factor for influencing the catalytic rate, 
where the higher pKa value of Zn.CM (pKa = 9.8) allowed for faster rates of HCO3- dehydration 
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at pH 8.2 than Zn.CN (pKa = 7.9), due to the higher ratio of Zn-OH2 in solution. Furthermore, 
higher pKa values limit the competing CO2 hydration reaction, when the operating pH was 
kept below the pKa of the mimetic. 
8.4. Investigating the effect of CA mimetics on Rubisco’s activity, 
Chapter 7 
The first proof of concept data, to demonstrate how CA mimetics could be used to alter 
CO2/HCO3- concentrations to manipulate the activity of Rubisco was presented. The addition 
of Zn.LS1 and Zn.CN to the Rubisco assay caused significantly higher losses to the activity of 
Rubisco than the decrease in rate of their combined controls (i) the effect of the complex on 
Part (2) of the Rubisco assay, ii) the effect of free zinc on Rubisco, iii) the effect of free ligand 
on Rubisco). Given that both Zn.LS1 and Zn.CN showed much higher rates of CO2 hydration 
over HCO3- dehydration at pH 7.4 and 8.2 (as observed from Chapter 5), then the decrease in 
Rubisco’s activity was attributed to the decrease in CO2 concentrations brought about by the 
CA mimetics. Furthermore, the addition of Zn.CM to the Rubisco assay did not cause a 
significant decrease in Rubisco’s activity at pH 7.2 or pH 8.0, which was attributed to the low 
kobs for this mimetic, and therefore its inability to alter the CO2 concentration. 
Additionaly, Rubisco’s activity could be recovered after removal of the CA mimetics from the 
solution, by use of ultrafiltration (with a NMWL of 30 kDa). This suggests that the decrease in 
activity is not due to irreversible inhibition, and highlights that no chemical modification of 
Rubisco has taken place following the addition of the mimetics.  
The results presented within this chapter offer an insight into how chemical compounds could 
be used to potentially increase the concentration of CO2 around Rubisco. If a chemical 
mimetic could be designed to have a preference for the interconversion of HCO3- to CO2 at 
pHs ranging from pH 7 to pH 8, then there is the potential to increase the activity of Rubisco 
by increasing CO2 concentration. It is clear that the concentrations of the chemical mimetics 
needed to effect a change in Rubisco’s activity were high, and as such, the concentration of 
free zinc became detrimental to Rubisco’s activity. However, if a mimetic with a higher rate 
of reaction could be designed, then the concentration needed could be dramatically reduced.  
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8.4.1. The design of new chemical mimetics 
Designing CA mimetics to favour the intercovnersion of HCO3- to CO2 
The work undertaken within this thesis, allowed for a better understanding of the chemical 
parameters that influence the rates of conversion of HCO3- to CO2. This will ultimately allow 
for informed decisions on the design of future CA mimetics. It seems that the tailoring of a 
catalyst to produce high HCO3- dehydration rates is a balance between ligand design 
(electron-donating character, coordination and ‘bulkiness’) and high pKa values. The pKa of 
the zinc bound water molecule is of course dictated by the electron-donating character of the 
ligand, as well as by the coordination number of the metal centre. This makes the trade-off 
between pKa and ligand design a very fine balance. A chemical mimetic with a similar ligand 
design to LS1 could be advantageous, as the benzimidazole rings not only provides high 
electron-donating character, but also help to provide a ‘hydrophobic pocket’, to allow for the 
‘channelling’ of the substrate and product. The tailoring of the donating groups of this ligand, 
to increase the pKa of the Zn-OH2, could provide desirable targets for future study. In 
particular, it may be advantageous to mimic the active site of β-CA, which is the main form of 
CA found within higher plants, and is also the CA found within carboxysomes (which are 
known to convert large pools of HCO3- to CO2 [60]). In contrast to α-CA, where the Zn(II) metal 
is bound by three histidine groups, β-CA contains zinc coordinated to two cysteine groups, 
and to one histidine group [215], see Figure 8.1A. The synthesis of a derivative to the LS1 
ligand, which focused on changing the metal donor atoms, in order to mimic the active site of 
β-CA, could be very interesting for future studies, see Figure 8.1B. 
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Figure 8.1: A) The active site of β-CA found in carboxysomes [215], and B) Proposed β-CA mimetics based on the 
benzimidazole ligand design. 
Continuous testing of the efficacy of the CA mimetics on Rubisco, and iterative feedback 
between the catalytic chemistry, will be crucial to optimise the design and functionality of the 
delivery tools to favour the interconversion of HCO3- to CO2.  
The synthesis of more versatile functionality 
The novel carboxylic acid derivative (L1COOH) of the benzimidiazole ligand, LS1, was also 
synthesised and characterised, to investigate the possibility of adding more specific 
functionality to the CA mimetics. The 1H NMR spectrum of L1COOH revealed the presence of 
a number of structural isomers. Purification with high performance liquid chromatography 
could potentially be used to investigate the separation of the structural isomers. 
Furthermore, the addition of a second –COOH moiety to the 5 or 6th position of the 
benzimidiazle ring would avoid the formation of structural isomers, and could simplify the 
characterisation of this ligand.  
The versatile -COOH moiety could allow for the incorporation of more specific functionality, 
such as i) the addition of lipophilic moieties (such as polyethylene glycol (PEG)), to enhance 
cell permeability, ii) the addition of fluorophores to aid visualisation during in vivo studies, 
and iii) the addition of targeting groups to direct the compounds to the chloroplast.  
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8.4.2. The pH-dependency of Rubisco 
Due to the pH-dependency of the CA mimetics, a deeper understanding of the pH-dependent 
enzymological properties of Rubisco were also determined. Despite the pH optimum of 
Rubisco being reported to be ~pH 8.0, due to the activation of K201, maximal activity was 
reached at lower pHs (from pH 7.35) when sufficient concentrations of CO2 were present. This 
suggests that despite Rubisco’s activity being limited by activation, maximal activity can be 
reached at high CO2 concentrations, due to the shift in the activation equilibrium. These 
interesting findings may help to pave the way to understand how the activity of Rubisco could 
be increased by the addition of higher concentrations of CO2 at lower pHs. This is of particular 
importance for this thesis, as these results help to demonstrate how CO2 delivery tools could 
be utilised in increasing Rubisco’s efficiency, when Rubisco’s activity and/or activation is 
limited by CO2 concentrations. 
Of course, improving photosynthetic efficiencies will not be the result of one solution, and 
will be a combination of many approaches. It has been reported that under low light and high 
CO2 conditions, plants are limited by RuBP generation [216]. Long et al. however, predicted a 
potential increase of up to 18% in photosynthetic yields for RuBP-limiting photosynthesis, at 
atmospheric CO2 concentrations of 700 µmol mol-1 [107]. Furthermore, increases in CO2 
concentrations lead to higher photosynthetic nitrogen efficiency, even for C3 crops that are 
not limited by Rubisco inefficiency, but that are limited by RuBP regeneration [102].  
The work in this thesis is just one path towards increasing photosynthetic efficiency, and in 
reality, this will only be achieved by a fine balance between the regeneration of RuBP, 
alongside an increase in Rubisco’s efficiency [217, 218].  
8.4.3. Potential allosteric regulation 
The enzymological properties of Rubisco at low pH (7.2-7.5) and high pH (pH 8.0-8.2), for CO2, 
Mg2+ and RuBP binding, revealed: i) sigmoidal kinetics for CO2 at low pH ii) sigmoidal kinetics 
for Mg2+ at both low and high pH, and iii) Michaelis-Menten kinetics for RuBP at low and high 
pH.  
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Sigmoidal curve behaviour for Rubisco has been previously reported for CO2 and Mg2+ binding, 
but was attributed to different amounts of activated Rubisco at different pH values [36, 203]. 
The results presented in this thesis showed that at the same pH (pH 7.2), and at the same 
limiting concentration of CO2, Rubisco displayed sigmoidal kinetics for Mg2+, but exhibited 
Michaelis-Menten kinetics for RuBP binding. At pH 7.2, and under the limiting concentrations 
of CO2, then the same amount of activated Rubisco would have been present in both the Mg2+ 
and RuBP binding experiments. Therefore, differing quantities of activated Rubisco is not 
adequate enough to explain the sigmoidal curve behaviour exhibited for Mg2+ and CO2, but 
not for RuBP (where Michaelis-Menten kinetics were exhibited). The sigmoidal curve could 
represent cooperativity between the eight active sites of Rubisco, for CO2 and Mg2+ binding. 
Rubisco’s sigmoidal kinetics could also suggest allosteric regulation by CO2 and Mg2+, and 
could insinuate an allosteric binding site (which could be attributed to the Lys201 activation 
site, or potentially the small subunits, which were reported to act as CO2 ‘storage 
reservoirs’[34]). Regardless of the kinetic mechanism, it seems clear that pH plays a central 
role. 
8.5. Overview of thesis 
The work outlined in this thesis revealed, for the first time, the use of carbonic anhydrase 
mimetics to affect the activity of Rubisco, by perturbing local CO2 concentrations. The trends 
observed in Rubisco’s activity following the addition of the mimetics were in agreement with 
the measured catalytic rates of CO2/HCO3- interconversion for the mimetics.  
This thesis also described the development of a rapid purification method (2-3 hours) that, 
for the first time, revealed hydrophobically distinct Rubisco populations.  
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